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PREFACE

The following papers in this preprint include all of the invited
papers from the Second International Gamma-Ray Symposium held at NASA
Goddard Space Flight Center, June 2-4, 1976 entitled 'The Structure and
Content of the Galaxy and Galactic Gamma-Rays'.

A glance at the contents of this preprint will show that this was
not just a y-ray symposium, but in reality a symposium on galactic
structure drawing on all branches of galactic astronomy with emphasis
on the implications of the new y-ray observations. The following
papers are not just reviews; they include much new and previously un-
published material including (1) the first reported results from the
COS-B y-ray satellite presented by our European colleagues, (2) new
SAS-2 results on y-ray pulsars, Cygnus X~-3 and new maps of the galactic
diffuse flux, (3) very recent data from CO surveys of the galaxy,

(4) new high resolution radio surveys of external galaxies, (5) new
results on the galactic distribution of pulsars and (6) new theoretical

work on galactic y-ray emission., For this reason, the committee felt the

need to make this preprint available shortly after the symposium in
order to provide the astrophysical community with this new work well
before the proceedings are published in final book form by NASA.

Other copies of this preprint will be available on a limited
basis by writing one of the committee members.

Carl E. Fichtel

Floyd W. Stecker
NASA/Goddard Space Flight Center
Greenbelt, Maryland 20771

June 1976
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WELCOME

John F. Clark, Director
NASA/Goddard Space Flight Center
Greenbelt, Md. 20771

It gives me great pleasure to welcome you to Goddard Space
Flight Center to participate in our second international Gamma-Ray
Symposium, We are all happy to see that so many distinguished members
of the international scientific community are with us today.

There has been a deep interest in y-ray astronomy at Goddard
since shortly after Goddard was formed--not only because it was real-
ized that the space age permitted this new astronomical window to be
opened, but also because of the great significance of y-ray astronomy
which arises from its very direct relationship to the largest transfers
of energy occurring in astrophysical processes.

At the time of the first international y-ray symposium held here
at Goddard just over three years ago, shortly after the launch of SAS-2,
I expressed the hope that it would be the first of many fruitful inter-
national y-ray symposia. That hope has become reality. In the fol-
lowing year, our colleagues at the European Space Agency held a sympo-
sium at Frascati in preparation for COS-B, the first results from which
we will hear about this morning. ESA has also planned a symposium
in the near future which, we are certain, will also be very successful.

The progress in y-ray astronomy over the last three years has been
very encouraging., The first fairly definitive results are now beginning
to emerge particularly in regard to the galactic plane, and, as they do,
great interest is evolving in the interrelationship between galactic
structure, cosmic ray origin, the cosmic ray distribution in the galaxy,
and y-rays. Point sources are also beginning to emerge with one of the
great surprises being the identification of several y-ray pulsars with
their radio counterparts. We are, of course, pleased at the active role
that Goddard has been playing in both the observational and theoretical
aspects of this work.

Our meeting this week will be of a somewhat different nature than
the first symposium, It will address itself primarily to a particular
task, namely that of determining the relationship of the new galactic
y-ray results to the overall problem of the structure, content, and
dynamics of the galaxy. To this end, distinguished colleagues from
other scientific disciplines of observatiaonal and theoretical astronomy
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and astrophysics have been invited to report and review recent advances
in these fields which also bear on these problems. We are confident
that the interaction of knowledgable scientists in these various fields
will greatly further progress in determining the nature of our galaxy
and its contents, both through dialogue and inspiration. Periods of

free discussion and a panel discussion have been planned to fruther that
dialogue.

The recent NASA report on the 'Outlook for Space' to the year
2000 lists many questions which it is hoped that both NASA and the
world space community will help answer and y-ray astronomy should be
prominently involved in the solution of these problems. To this end,
this symposium, together with the one sponsored by ESLAB toward the end
of this year should act as strong catalysts to stimulate even further
continued strong research in this very important scientific field.

On that note for the future, I would once again like to thank you
all for coming, welcome you to Goddard, and wish you the greatest suc-
cess in your present work,

viii
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SAS-2 GALACTIC GAMMA RAY RESULTS 1

D, J, Thompson, C, E. Fichtel, R. C. Hartmau,
D. A, Kniffen, G, F. Bignami*, R, C. Lamb¥¥

NASA/Goddard Space Flight Center
Laboratory for High Energy Astrophysics
Greenbelt, Maryland 20771

H, Ugelman, M, E. ¥zel, T, Timer

Middle East Technical University
Physics Department
Ankara, Turkey

ABSTRACT

Continuing analysis of the data from the SAS-2 high
energy y-ray erneriment has produced an improved
picture of the sky at photon energies above 35 MeV.

On a large scale, the diffuse emission from the
galactic plane is the dominant feature observed by
SAS-2. This galactic plane emission is most intense
between galactic longitude 310° and 45°, corresponding
to a region within 7 kpc of the galactic center. With-
in the high-intensity region, SAS-2 observes peaks
around galactic longitudes 315°, 330°, 345°, 0°, and
35°, These peaks appear to be correlated with such
galactic features and components as molecular hydro-
gen, atomic hydrogen, magnetic fields, cosmic ray
concentrations, and photon fields,

*NAS-NRC Postdoctoral Research Associate 1973-75,
*%0n faculty leave from Iowa State University during
1975-76,



1. Introduction. Because high-energy y-rays can be produced by o
variety of mechanisms, observations of galactic y-radiation can provide
information about many different galactic components., 7y-rays origi-
nating from neutral pions produced in collisions between cosmir ray
nucleons and interstellar matter, for example, are related directly to
the product of the cosmic ray and matter densities. Bremsstrahlung
y~rays represent a probe of the cosmic ray electron and interstellar
matter distributicns, while inverse Compton y-rays relate the cosmic
ray etectrons to the photon ficlds in the  ilaxy. By combining the
7-rey measurements with other observations related to these galactic
components, it may be possible to obtain a more complete picture of
the galaxy than would be possible with any single set of observations
alone. 1In simplest terms, then, the goal of this paper will be to
presunt the SAS-2 results in their current form and to try to indicate
how these y-ray observations may be related to other constituents of
the galaxy.

2. Experimental, The SAS-2 experiment, the calibration proc~dure,
and the methods of data analysis have all been described by Derdeyn

et al, (1972) and Fichtel et al, (1975). The detector is a digitized,
wire-grid spark chamber which uses as a triggering telescope an anti-
coincidence scintillator dome, a set of scintillators, and a set of
Cerenkov detectors. The energy thrcsnold is somewhat less than 30 MeV,
photon energies can be measured up to approximately 200 MeV, and an
integral intensity can be obtained above 200 MeV, The two-dimensional
angular resolution for y-rav cnergies above 100 MeV is between 3° and
4°, depending on the incident spectrum,

Results from most of the SAS-2 observations along the galactic
plane have been published previously (Fichtel et al,, 1975), Since
the time that these results were compiled, however, a number of changes
have taken place to give improvements in the results: (1) New orbit-
attitude solutions have been obtained for portions of the data., These
solutions have provided greater accuracy for portions of the data al-
ready analyzed and have allowed the analysis ‘f additional data for
which no orbit-attitude information was previously available. (2) Some
additional telemetry data became available, (3) A slightly different
method of computing arrival directions for individual y-rays was incor-
porated irto the data analysis system, (4) Some inconsistencies in
data analysis procedures between different observing periods were re-
moved,

Two important features of these improvements should be emphasized.
First, none of the adjustments change any of the large-scale features
of the results, A4t most, these wodifications enhance tiie statistics
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for certain regious of the SAS-2 cxposure and alter slightly the small-
scale picture of the y-ray sky. Second, at present not all of these
changes have been included in the SAS-2 data base., Work i, continuing
on incorporating these changes. The reader is cautioned that the SAS-2
results presented here are not in final ferm, although the regions
around the galactic center and the galactic anticenter have been up-
dated.

3. Results or the larg:-Scale SAS-2 Observations., One of the most
graphic ways of viewing the y-ray sky is shown in the map of y-ray flux
contours in figure 1. A description of the construction of this map
will indicate its values and limitations., The entire celestial sphere
is divided into 20736 bins of equal solid argle., The bins are separated
by 2.5° in galactic longitude throughout the sky. The latitude bins
have widths adjusted o maintain the equal solid angle. At the galac-
tic equator  the bins have a latitude width of about 0,7°, For each
bin, the number of detected photons withn the bin is divided by an
exposure pavameter (the sensitivity of the observations at that bin)

to yield a y-ray intensity. The intensities obtained in this way are
smoothed by combining bins, and contours of equal intensity are then
drawn using the centroids of the bins to represent the bin positions,
Because of this smoothing procedure, this sky map is most useful for
cxamining large-scale features. Any singie feature observed in this
plot has a positional uncertainty of #2°,

As can be seen in the figure, the SAS-2 observations used for
this plot cover about half the galactic plane in longitude and a range
of galactic latitudes from well below the plane to the north galactic
pole. Lihe lowest y-ray intensity contour lies at a value about three
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times greater than the diffuse flux observations by SAS-2 (Fichtel et
al., 1975). Only y-rays with measured energies greater than 100 MeV
were used, Clearly, at this intensity level, the ounly significant
features in the 7-ray sky are ones assoc’ated with our own galaxy,

In terms of y-ray emission, the galactic plane can be roughly
divided into two regions. The section of the plane between galactic
longitudes 310° aud 45°, surrounding the gaiactic center, is an
intense ridge. The entire range stands out above all other parts of
the y-ray sky, but prominent peaks and valleys are visible within the
region. The remainder of the galactic plane resembles the section in
figure 1 between 45° and 120° iongitude. The plane stands out clearly
above the diffuse background, but at a significantly lower level than
the central region.

Within the intense central region of the plane, four peaks are

visible on the contour plot, centered on longitudes 315°, 330°, 0°,
and 35°, The single most intense region observed by SAS-2 is the
section of the plane around 330°. On a finer resolution scale, what
appears as an elongated peak in figure 1 is actually two separate
intense peaks, one centered on 330° and the other centered on 345°,
In terms of galactic structure, the entire intense region encompasses
the part of the galaxy within about 7 kpc of the galactic center. The
discussion of how these observations may be related to other components v,
of the galaxy will be postponzd until section 4.

The parts of figure 1 away from the central ridge also show some
features, the most prominent of which appears at galactic longitudes
centered on 75°-80°, While this excess is not as intense as any of the
peaks around the galactic center, it does stand out from the parts of
the plane on either side, Other apparent features between 50° and 120°
are all of low statistical significance, as is the small region at
galactic latitude -35°, By contrast, the excess extending from the ,
galactic plane up to latitudes about +15° above the galactic center lies {
in a region of high exposure by SAS-2 and may very well be significant, ‘

Figure 2 shows the SAS-2 data above 100 MeV summed as a function
of galactic latitude for the regions around the galactic center and the

S i S | Tt T rT T ‘/\_’ - T T ™M
Figure 2, Distribution of .
y-rays with measured energies A 1
greater than 100 MeV as a 2 60 B ouren 1 ‘
function of galactic latitude. 2 3 i
Data from the center cover 3 ooy , 1 s
330°<411<30°, Dpata from the S soril ‘
anticenter exclude the Crab, i 1 i
Vela, and (193,+3) sources, g sonw'f 1
The diffuse background is o sl @g%%ﬁn i
shown as a dashed line, g >0 ]
? 10x0'F “% ﬁ i
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galactic anticenter. As in figure 1, the dominance of the galactic
emission over the diffuse radiation is clear, even for the anticenter
region where the plane is relatively weaker. In the center region,
the data has been largely updated with the changes discussed in
section 2, The principal features of these results are the same as
discussed by Fichtel et al, (1975). The latitude distribution in the
center longitude range is broader than would be expected from the
detector resolution alone, Two components, a narrow one with the
detector resolution and a broader one with a gaussion lo of 6° to 7°
are needed to give a good fit to the data. The resolution-limited
component represents at least half the total radiation, This narrow
component must originate either from localized sources or from
features with a width comparable to the galactic disk thickness at a
distance greater than 2 kpc. The broader component could originate
either from the nearby galactic disk or from a more distant component
with a greater thickness. In the anticenter direction, the observed
y-radiation has a distribution significantly broader than the detec-
tor resolution, suggesting that most of this radiation originates in
nearby regions, as would be expected from the position of the solar
system in the galaxy.

One additional aspect of the latitude distribution deserves
mention, In the galactic center region, the intensity is somewhat
higher on the positive side of the plane than on the negative side,

In the anticenter region, the intensity is higher on the negative

side of the plane than on the positive side, These excesses are also
visible in figure 1 and the anticenter flux contour plot of Hartman et
al, (1976). Although these regions of greater intensity are difficult
to localize, their general position suggests an identification with the
local distribution of stars and gas known as Gould's Belt.

The distribution of high~energy y-ray emission as a function of
galactic longitude is one of the most useful observations for relating
y-ray results to galactic structure. Figure 3 shows the SAS-2 data
summed between -10° < bll < +10° in longitude bins 2.5° wide. Two
important considerations concerning this data are: First, the 2,5°
bin size is smaller than the SAS-2 resolution for y=~ray energies
above 100 MeV., Even a point source will appear with finite width on
this plot. Second, not all the data shown here have been updated with
the changes discussed in se.ion 2, particularly in regions away from
the galactic center., Even though these changes are not expected to
alter any large-scale features, any individual point may show a
noticeable adjustment in the final analysis. In short, no single bin
on this present longitude plot should be taken by itself as decisive,

Figure 3 emphasizes many of the features of the galactic plane
which were visible in figures 1 and 2: the dominance of the plane
itself above the diffuse background, the strong contrast between the

)
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Figure 3,

galactic plane,

Distribution of high-energy (> 100 MeV) y-rays along the
The SAS-2 data are summed from bIlIl= _10° to bII= +10°

The diffuse background is shown as a dashed line.

Arrcws mark the

locations of localized sources.,

The open circles give

galactic emission with localized sources subtracted.

1e estimated
Eir.or bars shown

are statistical omly.
attached to the overall normalization.

An additional uncertainty of about 10% should be

galactic center region and the rest of the galactice plane, and the
non-uniformity of the high-intensity region around the galactic center.
In the part of the plane away from the galactic center, four neaks

above the general plane emission can be seen,
the Crab (Kniffen et al,, 1974) and the Vela supernova remnant
(Thompson et al., 1975) have been discussed in detail previously.

Those associated with

The

regions around longitudes 75° and 195° have not been definitely identi-
fied with known sources (Fichtel et al,, 1975), but available evidence
points to their being localized rather than extended sources (Kniffen

et al,, 1975; Hartman et al,, 1976),

In the region of strong y-ray emission between 310° and 45°,

five peaks stand out,

These peaks are centered on longitudes 315°,

330°, 345°, 0°, and 35°,

seen to lie on the galactic plane itself, within uncertainties,

From figure 1, all of the peaks could be
Be~-

cause the peak near 315° lies relatively close to the limit of the SAS2
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exposure, its overall significance is the smallest of the five. The
peaks at 330° and 345° are sufficiently narrow to be consistent with
the detector resolution, implying that they must be distant large-
scale features or intense localized sources. The fact that these
p2aks lie in a direction not far from the galactic center suggests a
large scale rather than discrete origin for two reasons. First, the
inner section of the galaxy is the region most likely to contain the
cosmic rays and matter which produce diffuse galactic y~rays. Second,
unless a discrete source were extremely intense, it would have to be
relatively nearby in order to be seen against the general galactic
background, This effect is illustrated by the locations of two candi-
date y-ray pulsars in the general region around the center (PSR 1747-
46 and PSR 1818-04; Ugelman et al,, 1976). Although these are identi-
fied y~ray sources, they contribute less than 10% of the intensity in
any one bin in figure 3., The enhancement in the longitude distribution
around the 0° direction itself appears to be slightly broader than the
detector resolution, While this effect may not be statistically sig-
nificant, it suggests the possibility of an extended source in the
galactic center direction,

4, Discussion. Any attempt to interpret the galactic y-ray emission
in terms of a model faces the difficulty that the galactic components
which produce y-rays (cosmic rays, interstellar matter, magnetic fields)
are interrelated. Many different approaches to the problem can there-
fore be considered. Bignami et al. (1975) have used the spiral pattern
deduced from 21 cm data in the galaxy as the basis for the matter
and cosmic ray distributions. Stecker et al, (1975) started with the
distribution of molecular hydrogen in the galaxy estimated from

2.6 mm carbon monoxide emission. Fuchs et al, (1975) developed a
model based on the magnetic field configuration in the galaxy. Paul

et al. (1975) used radio measurements of the synchrotron radiation to
estimate the cosmic ray and matter distribution. Cowsik and Voges
(1975) studied the pcssible inverse Compton component of the radiation
by using a model for the starlight distribution in the galaxy. All of
these models have had some success in interpreting either part or all
of the SAS-2 y-ray observations. Instead of reviewing such models in
detail or proposing a new model, this discussion will attempt to show
how the y-ray results themselves motivated the various approaches.

One of the key questions in studying the galactic emission is
the production mechanism for the y-radiation. The available data
(Samimi et al., 1974; Fichtel et al., 1975; Sood et al.,, 1975) suggest
that the dominant source of high energy (> 100 MeV) y-rays is neutral
pion decay, while the dominant scurce of medium energy (< 50 MeV)
7-rays has a spectrum such a5 that expected from inverse Compton scat-
tering or electron bremsstrahlung. The high-energy radiation
then reflects the product of the matter density and the nucleonic
cosmic ray density along a given line of sight. 1In order to calculate
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the medium energy component, knowledge is needed of the cosmic ray
electron density, the matter density, and the photon density as a func-
tion of position in the galaxy. Some information is also needed about
the degree of association or coupling between the various components.
No single aspect of this problem can be considered to be definitively
understood at present, and one of the special advantages of y-ray
astronomy lies in its unique ability to probe the galactic cosmic ray
distributions in conjunction with other galactic components,

In studying the spatial distribution of the observed y-radiation,
as summarized in figures 1, 2, and 3, the most important features are:
(1) the broad reclatively flat excess around the galactic center and
and the contrast between this excese and the anticenter regions; (2)
the specific non-uniformities withir the high-intensity central sector;
and (3) the resolution-limited and b ‘oader components of the latitude
Aiatriburi.e i~ tha galactic center ‘'egion., Each of these features
contains important information about the distribution in the galaxy of
the components responsible for the y radiation,

The center to anticenter intensity ratio does not appear to be
explainable strictly in terms of the galactic interstellar matter
distribution., The neutral hydrogen distribution as measured by 21 cm
radio observations shows far less contrast than the y-ray observations,
The 2,6 mm observations of CO, considered to be a tracer of molecular
hydrogen, do show a strong contrast as a function of galactic radius,
but the peak of this distribution lies at a radius betweén 4 and 6 kpc
from iLhe galactic center. Such a distribution alone could not account
for the high-intensity ridge extending from 310° to 45° (Stecker et al.,
1975)., The failure of the galactic matter distributions to explain the
7=-ray distribution is a strong argument that the cosmic rays which
interact with the matter are themselves not uniform in the galaxy-~-an
argument which supports the galactic origin for the bulk of the cosmic
rays.

I€ it is assumed that the expansive pressures of the kinetic
motic: of the gas, the cosmic rays, and the magnetic fields in the
galaxy can only be contained by the mass of the gas, then some degree
+f correlation would be expected between the matter density, the mag-
netic field and the cosmic ray density, at least on a large scale
(Bignami et al., 1975). This approach suggests that the synchrotron
emission from cosmic ray electrons interacting with the magnetic fields
might show some of the same features as the y-ray emission originating
from cosmic ray nucleons interacting with interstellar matter (Paul et
al,, 1574), A comparison of figure 1 with the 150 Mhz map of Landecker
and Wielebinski (1970), reproduced in figure 4, shows that this is in-
deed the case., In particular, the synchrotron measurements show the
same strong center to anticenter contrast as seen iu the SAS-2 results.
On a galaxy-wide scale, then, these radio measurements seem to support
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Figure 4. Map of 150 MHz brightness temperatures in galactic
coordinates (Landecker and Wielebinski, 1970),

the concept of coupling between the matter density, the magnetic field,
and the cosmic ray density.

The five strong peaks in the y-ray data surrounding the galactic
center offer additional clues to the origin of this high-energy radia-
tion. Under the general assumption that ours is a spiral galaxy
(although the pitch angle of the spiral may be small in some regions),
a peak in the y-ray data implies a long line of sight through a region
of high cmissivity, such as along a spiral feature. The direction of
the 35° peak, for example, would be tangent to a galactic arm at a
radius of about 6 kpc. This direction is roughly coincident with the
observed peak in the molecular hydrogen distribution and with one of
the arms which has been observed in 21 cm neutral hydrogen measure-
ments. The fact that this is the only strong peak observed between
the galactic center and 45° longitude is a strong motivation for con-
sidering the molecular hydrogen as the principal source of the 7-
radiation.

Because relatively little is known about conditions at the
center of the galaxy, the somewhat broadened peak close to the galactic
center may have several origins. Radio observations indicate that
neutral and molecular hydrogen are iot particularly abundant over the
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generai galactic center region. If this y-ray peak is attributed to
cosmic ray -- matter interactions, then either the cosmic ray intensity
would have to be much higher in the galactic center than in other parts

of the galaxy or the matter would have to be in some unseen form such -

as ionized gas. The fact that the galactic center is a strong source
of radio, infrared, and X-ray emission suggests the possibility of dis-
crete source contributions, although the intensity appears rather

large to be explained by any one y-ray source at such a large distance,
Another possibility is an inverse Compton contribution resulting from
an increase in the cosmic ray electron density and the starlight den-
sity toward the galactic center. Such a component would be strongly
peaked toward 0° longitude, as shown for example by Cowsik and Voges
{(1975). The central peak in the SAS-2 longitude distribution could
also be made up of several components, Until more is learned about

the galactic center region, it will be difficult to determine whether
this y-ray excess has an origin similar to the other peaks in the data
or whether it represents a unique y-ray source.

The three peaks observed between 310° and the galactic center .
direction all coincide with spiral arm features in the Simonson (1976)
picture of the galaxy, based on 21 cm measurements and the density wave
theory. Because the observed densities of neutral hydrogen in these
arms are not extremely high, a strong correlation between the cosmic
ray density and the matter density in this region would be necessary
in order to explain the results solely in terms of these features
(Bignami et al,, 1976). In the absence of any CO measurements of this
region of the sky to indicate where molecular hydrogen might be con-
centrated, one possibility would be to assume some sort of symmetry
with the opposite side of the galactic center. The molecular hydrogen
might then be found at the position of the 330° feature. Some other
explanation would then be needed for the other two peaks in this region,
An alternature possibility, suggested by Fichtel et al. (1976), is that
the molecular hydrogen densities are high, as observed around the 35°
direction, but that the cosmic rays are more strongly coupled to the
diffuse neutral hydrogen than to the high-density clouds of molecular
hydrogen., One additional observation which might tend to support such
a concept is the 150 MHz sky map (Landecker and Wielebinski, 1970),
which shows the 310° to 45° segment of the galactic plane to be an
intense source of synchrotron radiation, with an additionally intense
ridge between 330° and 0° longitude. As mentioned before, this radio
observation would suggest a strong coupling between the cosmic ray
electrons and the magnetic field, with an implied coupling to the
distributed matter in the same region.

Finally, the two component nature of the observed y=~ray latitude
distribution is a somewhat unexplored subject. The most likely expla-
nation of the broad component of the latitude distribution toward the
galactic center is that this radiation is originating from regions
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close cnough to the solar system that the galactic disk itself appears
broader than the detecto~ resolution, while the resolution-limited com-
ponent originates from more distant parts of the galactic plane. A
small contribution to the broad component could come from an extension
of the cosmic ray disk above the disk defined by interstellar matter,
although Bignami et al, (1975) have shown that a broader cosmic ray
disk would have little effect. Another small contributor to the broad
latitude component could be inverse Compton y-rays produced by cosmic
ray electrons and starlight or 3° K radiation, since both stars and
cosmic ray electrons are thought to extend above the interstellar gas
disk. Additional work on the SAS-2 data, studying only the broad
latitude component, may reveal additional information about thc nature
and origin of this radiation.

In summary, the SAS-2 results have shown that high energy y-rays
are an excellent tracer of the components and structure of the galaxy.
The y-ray evidence for a galactic origin of cosmic rays i< strong, and
tiic combination of y-ray data with measurements at other wavelengths
provides useful information about the dynamic processes coupling the
matter, magnetic fields, and cosmic rays in the galaxy. As more y-ray
data and more data from other sources become available, some of the
prospects and possibilities which have been raised by SAS-2 should
become a greatly improved picture of our galaxy.
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ABSTRACT

Gamma-ray emission has been detected from the radio
pulsars PSR1818-04 and PSR1747-46, in addition to the
previocusly reported gamma-ray emission from the Crab

and Vela pulsars. Since the Crab pulsar is the only

one obse~ved in the optical and X-ray bands, these
gamma-ray observations suggest a uniquely gamma-ray
phenomenon occurring in a fraction of the radio pulsars.
Using distance estimates of Taylor and Manchester (1975),
we find that PSR1818-04 has a gamma-ray luminosity com-
parable to that of the Crab pulsar, while the luminosities
of PSR1747-46 and the Vela pulsar are approximately an
order of magnitude lower. This survey of SAS-2 data for
pulsar correlations has also yielded upper limits to
gamma-ray luminosity for 71 other radio pulsars. For
five of the closest pulsars, upper limits for gamma-ray
luminosity are found to be at least three orders of
magnitude lower than that of the Crab pulsar.

Thf gamma-ray enhancement around galactic coordinates

oIt = 193°, bIl = 42° ig probably not associated with

the recently discovered Milky Way satellite galaxy
(Simonson, 1975), since its position seems to be incom-
patible and its intensity appears to be unreasonably

high. The enhancement near the galactic plane in the
Cygnus region, while consistent with the location of a
galactic spiral arm feature, is sufficiently well-localized
to be compatible with a point-like source.

*
xxVAS-NRC Postdoctoral Research Associate 1973-75
On faculty leave from Iowa State University during 1975-76
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1. Introduction. Three years ago, at the time of the Denver Cosmic
Ray Conference, there was only one confirmed gamma-ray point source
observation of high statistical weight,

the Crab Nebula. There were some results from balloon-borne experi-
ments which indicated excesses of three or even four standard deviation
significance; however, with the exception of observations of the Crab
pulsar, none of those results were convincingly confirmed.

At the present time, analysis of the SAS 2 data is nearing comple-
tion. 1In addition to the general ]
galactic plane emission discussed ’ !
in the previous paper, the SAS-2 i
gamma-ray telescope also recorded ;

a number of localized regions of i
enhanced gamma-ray emission, all |
within about 10° of the galactic o’
plane.

2. Results. In the general

direction of the galactic anti- -
center, two enhancements are

seen in the SAS-2 data above the -2
background, about 12° apart. This
region has recently been re- -30°

analyzed, as discussed in the ' f
previous paper, with the result S
shown in Figure 1. The two ,
enhancements are clearly separ- ¢

ated. One of them is obviously Figure 1. Cortour plot of the inten-
associated with the Crab Nebula, sity of gamma rays with energy >

since a large portion of its 100 MeV from the galactic anticenter
emission is pulsed at the period region. The contour lines represent
of the Crab pulsar. In deriv- 75%, 6CX, 45%, 30% and 157 of the

ing a total intensity for the maximum value, 3 x 1074 cm‘zsr'ls—l.

Crab source, some uncertainty

is encountered in estimating the diffuse background to be subtracted.
The background estimate which has been used includes regions both above
and below the galactic plane, and yields a Crab intensity of (3.2+.9) x
1076 cm-2s-1 above 100 MeV. It is now clear (Fichtel et al., 1975;
Kniffen et al., 1975) that there is a higher diffuse flux south of the
galactic plane than on the north side. Since the Crab is south of the
galactic plane, it is possible that a higher background should be used
for the total intensity calculation, which would result in a somewhat
lower value, but still within the quoted errors. Figure 2 shows the
result of folding individual event times at the predicted radio pulsar
period. The gamma-ray emission is found to be strongly pulsed, with
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Figure 2.

Phase plot for

ganma rays (E > 35 MeV)
from the Crab Pulsar
(NP0531+21).
marked M an¢ I indicate
the positions of the main
radio pulse and inter-

pulse.

The arrows

APR - 23

stri '+ : - and phase similar to those
see; ‘- :adio, optical and X-ray bands.
The oy 2d intensity is (2.240.7) x
1ot 1."2g=1 above 100 MeV. Thus the
+.1  .i emission accounts for most, if
.+ a1l, of the enhancement seen in
tn Crab region. The spectrum of the
+vab gamma rays is consistent with a
power-law extrapolation from X-ray
energies, for both the pulsed and
total intensities.

The strongest source observed by
SAS-2 is associated with the Vela
supernova remnant. The surprising
discovery (Thompson et al., 1975) is
that a major part of the Vela gamma-
ray flux is pulsed at the radio period,
although no pulsation is observed in
the optical range, 2ad no confirmed
observation of pul<ation has been made
in the X-ray range. Still more in-
triguing is the fact that the gamma
radiation is double-pulsed and that
neither pulse is in the phase with the
single radio pulse. Figure 3 shows
the dramatic difference in the pnulsed
behavior of the Crab and Vela pulsars
in the radio, optical, X-ray and gamma-~
ray energy ranges. Although the Vela
pulsar is a brighter gamma-ray source
than the Crab as seen from the Earth,
the gamma-ray luminosity of the Crab
pulsar is about eight times that of
the Vela pulsar above 100 MeV. In
contrast, the luminosity ratio LCRAB/
Lygpa in the X-ray region is at
least 80 (Fritz et al., 1971; Harnden
and Gorenstein, 1973) at 1 keV, aud

may be 1000 or more iua the 1.5 - 10 keV band (Rappaport et al., 1973%).

The energy spectrum of the Vela source is essentially the same as
that of the galactic plane, within the detector ability to see a dif-

ference.

again within the detec
pulsed fraction is 70fi %,

Furthermore, the pulsed fraction is independent of energy,
r limitaticns.
The total flux above 35 MeV_is (15.1+2.4) x

For all energies ccmbined, the

1076 cm~2s~1, and above 100 MeV is (6.3+1.1) x 10-6 ca~2g-1,
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Thompson (1975) has proposed a model for the Vela pulsar in which
the radio emission originates near the polar surface of a neutron
star which has its magnetic dipole axis roughly perpendicular to its
spin axis, The gamma-ray emission then arises from synchrotron radi-
ation in the region where the polar field lines reach cthe speed-of-
light cylinder. In each case the photons are emitted roughly along the
magnetic fleld lines, and the spiral shape of the field lines produces
the observed 13 millisecond delay between the radio pulse and the
gamma-ray pulse. The double-pulsed gamma-ray structure is explained by
assuming that the gamma rays are emitted in a broader rone than the
radio emission, and that we observe gamma-ray emissica from both mag-
netic poles, but radio emission from only onc pole. Obviously, this
picture does not apply to the Cral Pulsar, Its different phase
structure and spectrum indicate that a different mechanism is probably
responsible for its gamma-ray emission,

The observation of gamma rays from the Vela pulsar, which is not
seen in the optical or X-ray regions, suggests that orther radio pulsars
might be observable at gamma-ray energies, Of the 147 known radio
pulsars, 134 were within the region of the sky observed by SAS-2, For
59 of these, however, the period and period deriviative were not known
with sufficient accuracy to give adequate phase information during the
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SAS-2 observations., This leaves 75

pulsars available for study, two of
which have already been discussed, the
Crab and Vela pulsars. For the remain-
ing 73, a search has been made for
gamma-ray pulsation at the predicted
radio periods. In two cases, phase dis-
tributions were obtained which are
relatively improbable. The phase plot
for PSR 1818-04, with a period of about
0.6 sec., is shown in Figcure 4. The
position of the radio pulse is shown by
the arrow marked '"R".

PSR 18ic ~04

N
[ ]

N
o]

NUMBER OF GAMMA RAYS
o

WITH ENERGIES ABOVE 35 Me'.
o

w»

ki T ey 3 ol 1141t 11
it o 2 4 & 8 10
o TIME IN FRACTIONS
| OF A PULSE PERIOD
¢£ Figure 4. Phase plot for

0wt gamma-rays (E > 35 MeV) from
ot . PSR 1818-04. The arrow

o, &
v

marked R is the position of
the observed radio pulse.

Figure 5. Contour plot of the
intensity of gamma rays with
energy > 100 MeV for galactic
longitudes between 270° and
90°. The contour lines repre-
sent 31%, 63%, 47%, 337, 21%
and 11% of the maximum, which
is 6.3x10"% cm’zsr'ls‘i.

|
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The chance that a distribution like this might occur randomiy in one
of the 73 pulsars is about 0.3%. The contour plot shrovn in Figure 5
indicates an enhancement, not significant by itself, in the appropriate
region for this pulsar. The gulsed flux above 35 MeV found for
PSR1818-04 is (2.0+0.5) x 107° cm~2

S

The phase plot in Figure 6 is for gamma rays from the region around
the pulsar 1747-46, which has a period of 0.742 sec. There is a chance
probability of about 0.6€7 of seeing it in one of 73 distributions.

Since PSR1747 lies 10° south of the galactic plane, at a galactic longi-
tude of 345°, it is feasible to look for an enhancement in the total
gamma-ray flux from that region. The contour plot in Figure 5 shows a
bump in the proper region; a more careful analysis, using a band of
latitudes from -6° to -14° to estimate background, yields a 30 positive
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result. This independent evidence enhances the significance of the
pulsed result.

The total flux obtained for PSR1747-46 is (1.6+0.6) x 10~® em~2s~1 -~
above 100 MeV. For pulsed flux above 100 MeV we find a value of
(6.5+3.3) x 107 cm™ s'l, based on only six events. Above 35 MeV, the
pulsed flux is (2.440.7) x 107° em25~1, We note that the delay
between the radio pulse and the gamma-ray pulse is 115+20 milliseconds,
or 0.164+0.03 of a pulse period. This delay is very close to that
between the radio pulse and the closer of the two gamma-ray pulses for
the Vela pulsar of 0.15+0.02 period.

Thus we now have strong evidence of four radio gamma-ray pulsars,
only one of which, the youngest, is detectable at optical and X-ray
energies, Several obvious questions immediately come to mind. For
instance, what fraction of the energy lost by the pulsar goes into gamma
radiation? If we know Ege per}od and its derivative, and assume a
moment of inertia of 10 g cm , we can estimate the pulsar's rotation-
al energy loss rate from

. 2
dER = I 0 Q = 41 1P.
dt P

where @, £, P and P are the angular frequency and period and their
time derivatives, and I is the moment of inertia.

For the gamma rays, we assume a radiating cone of 1 sr and a
typical energy of 100 MeV, with the result shown in Figure 7. We see :
that the Crab and Vela pulsars are apparently radiating only 10-3 to ‘
10~4 of their energy in gamma rays. Pulsars 1747 and 1818, however,
seem to be radiating a major fraction of their energy in this range.
The apparent excess of the gamma-ray luminosity over the energy loss
rate for PSR1818 is attributable to large uncertainties in both the
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Figure 7. Observed gamma-ray luminosities and upper limits as a .
function of pulsar rotational energy loss rates, from Taylor and -

Manchester (1975). Open circles are the Crab (Kniffen et al., 1974)
and Vela pulsar (Thompson et al., 1975) observations. The open boxes
are for PSR1747-46 and PSR1818-04. Distance estimates from Taylor and
Manchester (1975) were used in calculai.ng luminosities. Error bars .
reflect only gamma-ray flux uncertainties. The line indicates the con- o
dition in which all pulsar rotational energy loss appears in the form
of gamnra rays.

pulsar moment of inertia and the width of the gamma-ray emission cone.

We can also compare the pulsar luminosities and upper limits with

apparent ages P/2P, as shown in Figure 8. No simple relationship is

obvious between gamma-ray luminosity and apparent age; however it is

worthwhile to note that all four of the pulsars for which gamma-ray . :

pulsations have been observed show ages less than about 10° years, while \ <

most of the pulsars included in the study have ages greater than 106 '
} years. This suggests, although not conclusively, that gamma-ray lumi- :
? nosity decreases rapidly for pulsars older than 10° years, as is the
case for radio luminosity.

If gamma-r.y emission is a fairly general property of pulsars, as .
now seems possible, it is natural to ask what porticn of the gamma-ray Y
luminosity of the Galaxy is attributable to pulsars. Since no gamma-
ray pulsars are presently seen with ages greater than about 106 years,
we use that figure as the pulsar gamma-ray lifetime. If pulsars are
created in the Galaxy at the rate of one every 100 years, and each
radiates for 106 years a gamma-ray luminosity of 103 photons s~1 above
35 MeV, we find a contribution of 1041 s~1, or about 5% of the
luminosity of the Galaxy due to cosmic-ray interactions.
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One region of enhanced gamma-ray intensity has been
ob~erved with SAS-2 which has not been clearly identified with any
known object. In the region of the galactic anticenter, there is a

maior flux enhancement centered at approximate galactic coordinates

eIl = 193°, bII = +4°, This source has an intensity comparable to that
of the Crab for energies above 100 MeV. However, it appears on the
basis of limited statistics to have a somewhat flatter spectrum, since it
stands out most prominently as a localized source for energies above

100 MeV. Lamb, Thompson and Fichtel (1975) have investigated the pos-
sibility that this source might be associated with the rec2ntly dis-
covered (Simonson, 1975) satellite galaxy near the Milky Way. They
concluded that the association is urnlikely, for two reasons: first, the
position obtained for the gamma-ray source is at least five standard
deviations from the position given by Simonson (1975); second, from
Simonson's (1975) estimates of the distance and mass of the new galaxy,
it appears that its cosmic-ray density would have to be nearly two
orders of magnitude greater than is observed locally if its emission is
assumed to be due to cosmic ray interactions. Several supernova
remnants are known in the same general direction as the unidentified
gamma-ray enhancement, but the closest, IC443, is more than 4°, or at
least 50, from the gamma-ray source.

Very recently we have found evidence for possible periodicity in
this source, with a period of about one minute. This possibility was
first noticed by examining the time intervals between individual §amma
rays from the source. Figure 9 lists all pairs of events near oIl -
193°, bIl = +4° which occurred during single SAS-2 orbits (The SAS-2
trlescope was recording cclestial gamma rays for about 60% of each 95
minute orbit) during one week of observation. It was noted that the
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shorter intervals all appear
to be approximate multiples

of the shortest interval, PAIR NO AVSEC)  MUCTIPLEM  AtMISEC) MOCTIPLE®
57.7 seconds. By assigning

CLOSE PAIRS FROM DEC 14-21,1972 DATA

| 756.7 3 58.2 12 94
integer factors of multipli- 2 52 6 iy .3 e
cation a better value of the s 1271 8 22 578 274
hypothetical period was 4 577 | 578 099
found, as showr in Figure 9. s T2 3 59 | 303
The probability that this 6 347 | 6 579 593
indication of periodicity 7 133 4 2 66 7 < ou
is a chance regularity is 8 300 | 5 €0 ! 503
estimated to be 1 or 2 per 9 519 2 9 577 8 a8
cent. A folding search of 10 1568.2 27 58.1 26.81
the three observing inter- " 122 4 2 612 209
vals, each one week long, 12 9398 16 587 16 06
showed evidence for TOTAL 846 1 o .
periodicity, but the intervals

showed slightly different

periods, consistent with a NUMBER 12 PAIRS 1N O & PHASE
period increasing at a rate OF PAIRS PLOT = 2211073

of 2.2 x 1079, Figure 10 e er__Llj

shows the resulting phase TED VRN RSN

plot. In view of the number w33 -PIaAsL >0

of trials used, and the added
degree of freedom in assuming
a non-zero P, we feel that the
evidence for this periodicity
is not statistically compel-
ling, but must await confir-
mation. However, this
unidentified object, which presently appears to be a uniquely gamma-
ray phenomenon, is certainly one of the important experimental problems
in gamma-ray astronomy.

Figure 9. Time intervals between pairs
of gamma-ray events from near LIl =
193°, bl = 4,° which occurred within
single SAS-2 orbits (45 minute
intervals).

The final source we will mention is in the Cygnus region, near the
galactic plane at a galactic longitude of about 75°. It has been
pointed out previously that this enhancement, which is clearly seen in
the contour map of Figure 5, is in about the same position as the local
spiral arm seen in 21 cm radio measurements, and therefore might be a
galactic arm feature rather than a point source. Reanalysis of one of
the two weeks of observation indicates, however, that the enhancement
is compatible with a point-like source, and is considerably narrower in
longitude than the calculated width of about 15° for a galactic arm
feature in this direction (e.g. Bignami et al., 1975). If a galactic
arm feature is 200 pc thick normal to the galactic plane, and is 1 - 2
kpc away, its observed latitude extent would be 5° - 10°, which is also
probably incompatible with the observations.
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The observed position is consistent with that of Cygnus X-3, a
prominent X-ray source modulated with a 4.8 hr. period. The period and
phase of the X-ray modulation are known sufficiently precisely to make
a fold of the SAS-2 data at this period meaningful. However, this
period is almost exactly 3 times the orbital period of the SAS-2 satel-
lite and care is required in order to avoid a possible spurious indi-
cation of periodicity. Figure 11 shows the result of folding the SAS-2
data at the known X-ray period of 4.8 hr. The bottom part of the
figure includes all of the data from the week of observation, ~ 90% of
which are gamma rays not associated with the Cygnus X-3 region. The
small modulation seen in this data is the direct result of the nearness
of the orbital period to one-third of the folding period. In the upper
part of Figure 11 only those gamma-ray events near Cygnus X-3 are
shown. There is clear indication of a 4.8 hr. modulation in these
gamma rays with a minimum near the minimum predicted from the X-ray
data. The probability of finding this behavior by a random fluctuation
of a uniform time distribution is about 0.1%

The SAS-2 observations have also produced upper limits on gamma-
ray fluxes from a number of interesting astrophysical objects. In
general, for obiecis away from the galactic plane these limits are
around 10~9 cm=%s~! for gamma rays above 100 MeV. Objects in this
group include Cen A, Cas A, Tycho SNR, M87, M31, Sco X-1, Cyg X-1,
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Cyg X-2, LMC, SMC, and Jupiter. We note that our upper limit on Cen A
does not contradict the Compton-synchrotron model recently proposed by
Grindlay (1975) for that object.

2 I6FCYG X-3 4.792 HRj

[

w 12k X-RAY | Figure 11. (a) Phase plot for gamma

2 MIN. rays from the region around Cygnus

x 8 X-3, folded at the 4.782 hour period
observed in X-rays from Cygnus X-3;

& (b) Phase plot for all gamma rays

a 4 observed during the same observation

~ interval. The small modulation at

> 0 three times the Cygnus X-3 frequency

= is due to the fa:t that the SAS-2

g 8ol _ orbital period was almost exactly

A one-third of the Cygnus X-3 period.

w A distribution similar to this would

»w 60 4  be expected in Figure 11 (a) if no

: 4.792 hour modulation is present.
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3. Summary. SAS-2 has provided evidence for gamma-ray emission from
four radio pulsars (the Crab and Vela pulsars, PSR1747-46 and PSR 1818-
04). Three of the four have not been observed to pulse at optical or
X-ray energies. We have made a tentative identification of Cygnus X-3
as a gamma-ray source, with intensity modulated at the 4.8 hour period
observed in X-rays. Finally, a strong gamma-ray source seen near the
galactic anticenter has not teen identified with any known object.

Past experience in astrophysics has shown that every time a new
frequency band has been investigated, totally new and unexpected objects
and processes have been discovered. Gamma-~ray astronomy is app~-ently
beginning to demonstrate this principle again.
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Foreword.

The idea of a European mission for gamma-ray astronomy was first
considered about ten years ago when an ESRO feasibility study was
undertaken. Five University and Research Institutes the: Max Planck
Institute, Garching, Cosmic Ray Working Group, Leiden, Istituto di
Scienze Fisische, University of Milan, Centre d'Etudes Nucléaires,
Saclay and the Physical Laboratory, University of Southampton forming
the Caravane Collaboration, then developed the mission 1equirements
and instrument characteristics. 1. May 1969, the Caravane Collabo-
ration approached ESRO with a letter ofintent, proposing that they
produce the experiment for the proposed COS-B satellite and in July
1969, the ESRO council formally approved the inclusion of CO0S-B in
the organisation's scientific programne.

Many scien:tists were involved already at this stage, but it is
appropriate here that particular mention be made of the senior members
of the collaboration responsible for bringing the idea of a gammaeray
mission to life:

H.C. van de Hulst, G.W. Hutchinson, J. Labeyrie, R. List,
G.P. Occhialini, C. Occhialini-Dilworth and K. Pinkau.

In 1970 the Southampton group had to withdraw from the collabo-
ration and the remaining members invited the Space Science Department
of ESTEC, lead by Dr. E.A. Trendelenburg to join the collaboration.
At about the same time, the University of Palermo, joined the Milan
group for the provision of the X-ray detector.

During the course of the next five years many scientists no
longer directly involved made vital contributions to the C0S-B
programme namely:

R.D. Andresen, I. Arens, P. Coffaro, M. Gorisse,
E. Pfeffermann, A. Scheepmaker, G. Sironi and W.H. Voges

Supporting the scientists were the engineers technicians and
programmers of the institutes without whom the project could not have
continued, including:

Messrs. R. Duc, N. Heinecke, T. Hydra, P. Keirle, G. Kettenring,
E. Leimann, P. Mussio, R. Roger and Mme F. Soroka.

The authors can not do better itnan to quote the words of H.C. van
de Hulst, the chairr .a of the COS-B Sieering Committee, in an article
written prior to the launch of the satellite in August 1975:

",...] wish to thank each member of the Collaboration for his contri-
bution, members whose unrelenting input and cautior in safeguarding
the technical and scientific quality of the experiment are the best
guarantee of ultimate success".

C0S-B has now achieved ten months of life in orbit and is
repaying all the time and effort expended over almost the last decade.
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THE COS~-B L¥XPERIMENT AND MISSION
The Caravane Collaboration

ABSTRACT

The COS-B satellite carries a single experiment, capable of de-
tecting gamma rays with energies greater than 30 MeV, Its objectives
are to study the spatial, energy and time characteristics of high-
energy radiation of galactic and extragalactic origin. The capability
to search for gamma-ray pulsations is enhanced by the inclusion in
the payload of a proportional counter sensitive to X-rays ~»f 2-12 KeV,

The experiment has been calibrated using particle accelerators.

The results of these measurements are presented and the performance
of the system in orbit is discussed.
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1. Introduction. The European Space Agency's satellite C0S-B was launched

from NASA's Western Test Range on 9 August 1975, Its missici is to
study in detail the sources of extraterrestrial gamma radiation of
energy above about 30 MeV. The principal objectives of this study
are:

1. To investigate the spatial structure and energy spectrum of gamma-
ray emission from the galactic plane.

2. To examine known or postulated localised sources of gamma radia-
tion, to determine the energy spectrum of sufficiently strong
sources and to search for time variations (long and short term)
in their intensities.,

3. To measure the flux and energy spectrum of the diffuse radiation
from high galactic latitudes.

Two further objectives, defined during the development stages of
the program, are a study cf the long~term variability of X-ray sources
(Boella et al, 1974a) and a high *'me-resolution study of cosmic
gamma-ray bursts (Boella et al 1975).

COS-B carries a single large experiment, which was designed, con-
structed and tested under the responsibility of a collaboration of
research laboratories known as the Caravane Collaboration, whose mem-
bers are listed in Table I. The definition of the observation program
and the analysis of the data are also collaborative activities.

TABLE 1
THE CARAVANE COLLABORATION

Max Planck Institut flir Physik und Astrophysik, Institut fipr
Extraterrestrische Physik, Carching-bei-Minchen

Service d'Electronique Physique, Centre d'Etudes Nucléaires de Saclay
Cosmic Ray Working Group, Huygens Laboratory, Leiden

Laboratorio ..i Fisica Cosmica e Tecnologie Relative,
Istituto di Scienze Fisische dell'Universitd di Milano

Istituto Fisica, Universitd di Palermo

Space Science Department, ESA, Noordwiik
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2. Instrumentation. The experiment has been described in detail by
Bignami et al (1975). A sectional view of the central detector is
shown in Figure 1. It features a 240 x 240 mm2 16-gap wire-matrix
spark chamber (SC) with magnetic-core read out. Interleaved between
the gaps are 12 tungsten plates giving a total thicknes= of 0.5
radiation length for the conversion of incident photons to electron
pairs. The top gap and the bottom 3 gaps have no tungsten immedia-
tely above them,

The chamber is triggered by a coincidence pulse from a three-
element telescope. The field of view of the telescope is defined by
the 30 mm-thick plexiglas :directional Cherenkov counter C (Andrescn
et al, 1974b) and the 10 um-thick plastic scintillation counter B2,
each of which is divided into four quadrants. The 4 mm-thick plastic
scintillator Bl (Andresen et &l, 1974a) above counter C provides a
measurement of the number of particles leaving the bottom of the
spark chamber. The 10 mm-thick plastic-scintillator guard counter A,
surrounding the spark chamber and upper part of the telescope, is
placed in anticoincidence to reject triggers due to incident charged
particles.

Beneath the telescope is the energy calorimeter consisting of a
caesium-iodide scintillator E, 4.7 radiation length thick, to absorb
the secondary particles produced by the incident photons and a plastic
ccintillator D to provide information on high-energy events for which
this absorption is incomplete.

Alongside the gamma-ray detector is mounted a proportional coun-
ter, sensitive to X-rays in the energy range 2-12 KeV, to provide
synchronisation for possible pulsations of gamma-ray emission from

Fig. 1: Sectional view of the COS-B experiment. Idenmtification of
the units 18 given in the text.
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sources known to pulsate at X-ray wavelengths (Boella et al 197ub).
The relative times of awrival of individual X-ray photons are re-
corded with a precision of 0.2 ms.

3. The satellite and its orbit. COS-B is configured as a cylinder
1.40 m diameter and 1.13 m long, with the main experiment package
occupying the central region as shown in the cutaway view of Figure 2.

Fig. 2: Cutaway view of the COS-B satellite. Key to subsystems:
1. Anticoincidence Counter
2. Spark Chamber
3. Triggering telescope
4. Energy calorimeter
5. Pulsar synchroniser
6. Structure
7. Superinsulation
8. Sun and Earth-albedo sensors (attitude measurement,
9. Spin thruster
10. Precesston thructer (attitude control)
11, Nitrogen tank (cttitude control)
12, Neon tank (spark chamber gas flushing)
13. Solar-cell array
14. Electronics
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The pulsar synchroniser is mounted on the equatorial equipment plat-
form with its optical axis parallel to that of the main experiment.
All experiment electronics units and spacecraft subsystems are mournted
above or below this platform in order to minimise the amount of mate-
rial in the field of view and to reduce the probability of the experi-
ment being triggered by background induced by charged-particle inter-
actions in these units. The total mass at launch was 278 kg of which
the experiment units comprise 118 kg.

The satellite is spin-stabilised at about 10 rpm about its axis
of symmetry, which coincides with the optical axis of the gamma-ray de-
tector. A nitrogen-gas attitude-control system is used to point the
experiment in the desired direction. Sun and eartn sensors provide
data from which the attitude can be reconstituted with a precision of
berter than 0.5 ,

The initial elements of the COS-B orbit, and their latest
available values are given in Table 2. The eccentric orbit was prefer-
red over a low orbit because the loss of observation time dueoto earth
occultation is much less. The orbital plane is inclined at 90 to the
earth's equator with the argument of perigee in the fourth quadrant
which ensures that for most of the operaticnal part of the orbit the
satellite is in sight of one of the ESTRACK ground stations. This
provides for a high data recovei, without the use of ar on-board tape
recorder. Regions of the celestial sphere which are close to the

TABLE 2

COS-B ORBITAL PARAMETERS

[r—

, Date (Y, M, D) 1675-08-08 1976-03-30

’—_E;EE% number >. - 1 . - 15:’ —

© Altitude of perigee (km) 346 2624

| Altitude of apogee (km) 99103 96828
Semi-major axis (km) 56103 6104
Eccentricity 0.880 0.840
Inclination (deg.) 90.15 93,08

i R.A. of ascending node (deg.) 43,72 42,43

E Argument of perigee (deg.) 344,68 325.19

l Period (h,m) [ 36-44 36-44

BI'TR»ODUCIBILITY af THE

GE I8 POOR
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direction of the line of apsides are difficult or impossible to ob-
serve due to the entry of the earth into the field of view or be-
cause the earth-~aspect angle is outside the range of operation of the
albedo sensors for most of the orbit. The right ascension of the
ascending node was chosen so that these regions contained only target
directions of lowest scientific interest.

The position of the satellite at any time may be reconstituted
from tracking data with a precision of 75 km. This is compatible with
the 250 us relative accuracy of the on-board clock and, allowing for
uncertainties in the propagation delay, permits the determination of
the absolute Universal times of gamma-ray or X-ray events in either
the satellite or the solar-barycentric frame of reference with an un-
certainty of better than 1 ms.

4. Observation program and orbital operations. Routine experiment
operations began on 17 August 1975 wher. the satellite was directed
towards its first target, the Crab Nebula, with the instrument axis
pointing at the pulsar NP 0532. Table 3 shows the subsequent program
of observations and the relative sky coverage achieved so far is as
shown in Figure 3., At the present time the satellite is pointed
towards Virgo, midway between 3C273 and M87. It is intended that in
the next six months the observations of Vela and the anticentre will
be repeated and as much as possible of the parts of the galactic disc
not yet studied will be observed. A study of either the Large or the
Small Magellanic Cloud is also foreseen.

TABLE 3
COS-B_OBSERVATION PROGRAM

Beginning of observation ' Target Balactic Coordinates
111 pil
Orbit 6 1975-08-17 NP0532 185° -6°
26 1975-09-17 GX5-1 59 -1°
48 1975-10-20 Vela X 254° -3°
60 1975-11-08 Vela X-1 263° u°
73 1975-11-28 Cygnus 749 0°
90 1975-12-24 Cen X-3 292° o°
110 1976-01-23 Cen A 309° 19°
130 1976-02-23 Cir X-1 ! 322° 0°
150 1976-03-24 3U 1832-05 26° 1°
170 1976-0u-24 Aquila 45° 0°
190 1976-05-24 Virgo 286° 69°
31
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Scheduling of observations is constrained by limitations on solar-
aspect angle, attitude-sensor coverage and entry of the earth into the
field of view, but takes account of scientific priorities and, where
possible, the known plans of other satellite, balloon or ground-based
astronomy experiments. The standard period of one month for each
observation was chosen to provide good statistics and is also the
minimum necessary to achieve the full capability of the attitude-
reconstitution software.

The experiment is only operated outside the radiation belts, i.e.
about 80% of the time. Occasionnaly the observation is reduced due
to automatic switch~off caused by fluctuations of the boundary of the
radiation belts or by solar~-flare events. About 45 min. per orbit
is devoted to calibration of the detectors,using either cosmic-ray
protons or an In-Flight-Test system with electronic stimulation and
light-emitting diodes. During alternate orbits a calibration of the
pulsar synchroniser is made using an Am 241-Sr target source.

The satellite carries a gas-flushing system to permit emptying
and refilling of the spark chamber. This hcs been used at 6~ to 8-
week intervals to forestall progressive deterioration of spark-
chamber performance due to poisoning of the gas. At this rate of
usage, the supply of gas carried is more than sufficient for the
nominal two-year lifetime,

=SS\\pe=—=

S RELATIVE EXPOSURE 0.7 T01.0
£] RELATIVE EXPOSURE 04 TOO0? « TARGET POINTING DIRECTIONS
] RELATIVE EXPOSURE 0.1 TO 04

Fig. 3: Relative sky coverage between 17 August 1975 and 23 May
1976 (galactic coordinates).
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Data are received by the ESTRACK ground stations at Redu (Bel-
gium) and Fairbanks (Alaska). The subsequent paths of data proces-
sing are summarised in Figure 4. The recorded data are despatched
at regular intervals to the European Space Operations Centre (ESOC),
Darmstadt rhere they form the basis of the final data processing. In
addition, data recorded at Redu can be transmitted to the Operations
Centre inESOC , either in real time or, by playing back the tape,
at the end of a pass. Real-time data are used for monitoring the cor-
rect functioning of spacecraft and experiment subsystems, especially
during telecommanding operations.

From the data played back to ESOC a fraction, averaging about
20% of all data acquired, is made available to the experimenters'
"Fast Routine Facility". In this facility the Collaboration has set
up programs for a preliminary analysis of this sample of data, using
predicted orbit, attitude and time information provided by ESOC. This
permits a thorough check of the performance of the experiment, provi-
ding the possibility of a fast feedback to keep the equipment in the
optimum operational mode. In addition preliminary scientific conclu-
sions can be reached (Bennett et al, 1976), which can be taken into
account in planning the future observation program well in advance of
the snalysis of the final data.

REDU FAIRBANKS

T
DIGITAL TAPES "
I e L i
REAL T S ¢DIG"AL
TIME ST RS PUAY BAGK > - | TaPEs
FAST RQUTINE EXPERIMENT
QuUICK LOOK FACILITY DATA TaPE
PRODUCTION
- —
TFCHNICAL ST ENTIFIC PRELIMINARY
PERF JRMANC £ PERFORMANCE SCIENTIFIC FINAL
MONITORING MONITORING RESULTS PROCESSING |
e
¥ v
remmmmmmey
! ]
' ]
h J
i )
! REVIEW OF
ORBITAL : OBSERVATION SCIENTIFIC
OPERATIONS i PROGRAMME CONCLUSIGNS
t T
i '
| '
L L, T I IR |
.
.
Fig. 4: Overall flow chart of data processing
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5. Calibration and in-flight performance. The characteristics of the
experiment were determined before launch by exposing the instrument

to beams of gamma rays and charged particles at particle accelerators.
The data acquired were analysed using the same computer programs that
are used for flight-data analysis. An automatic spark-chamber picture-
analysis program classifies the events and assigns the addresses of
set cores to electron tracks from which the directions of incidence
of the gamma-ray photons are reconstituted. Analysis of the data from
proton and electron exposures showed that acceptance of only events

in which an electron pair is recognized in both projections (class 22
events) gives a high confidence that little background is included

but does imply rejecting some genuine gamma rays. For many purposes,
where the signal can be identified by another criterion, e.g. spatial
localisation or time pulsation, events showing a pair in only one
projection (class 2 events) may also be used.

Both the engineering model and the f’ight model were calibrated
in tagged photon beams with energies between 20 MeV and 6 GeV at
DESY, Hamburg. (Christ et al, 1974). Measurements were made at a se-
lection of photon energies and directions of incidence (Bennett et al,
1974) and the results were smoothed and interpolated to provide the
sensitivities used in the analysis of the flight data. The effective
area of the engineering model for recognition of gamma rays as class
2 or class 22 events i3 shown in Figure 5. The efficiency for class
22 only events is about 30% lower. The data from the calibration of

100%"‘1"‘1‘"1‘71’71" T OTr rrTIiim R B TT

-

U B

SENSITIVE AREA (CM2)
3

TTTTT
b ikl

SN U U 1D U I GO IV U R U O U ¥ N QU S S

100 1000
GAMMA-RAY ENERGY (MeV)

Fig. &: Effective sensitive area of the engineering model for
detecting and recoggising gamma rays. Measurementg are
shown by circles (0 ), squares (15°), crosses (30 .
incidence) and the solid lines represent the interrolations

used in the analysis of flight data.
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the flight model are currently being analysed. First indications are
that the results are not much different from those of the engineering
model.

The angular resolution has been characterized by the half angle
of a cone, centered on the observed source direction, within which
68% of the reconstituted directions lie. This parameter is shown in
Figure 6 for the engineering model. Observation of the point source
in Vela, which will be presented in a following paper, confirms that,
at least at higher energies, the flight model is similar to the
engineering model.

An important characteristic of the experiment is its capability
to measure gamma-ray energy over a wide dynamic range. The energy can
be derived from measurements of track length in the spark chamber and
from the energy loss as measure. by the counter pulse heights. The
method is still being optimised using data from the accelerator cali-
bration of the flight model. For incidence parallel to the axis an
energy resolution of about 50% (FWHM) is achieveable in the energy
range 70 to 500 MeV,
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Fig. 6: Angular resolution of the engineering model as a function

of energy for selected events ipcident parallel to t}be
axig (closed circles) and at 15 (open circles) and 3

(sauares) to the axis.
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The charged-particle environment in the eccentric orbit required
special care to be taken in suppressing background triggers. From the
accelerator tests and a balloon flight it was concluded that the ex-
pected trigger rate would be compatible with the telemetry capability.
This prediction proved to be justified, with trigger rates between
0.15 and 0.25 s~1 (depending on the triggering mode). The majority of
residual background triggers can be rejected from the data by very
simple criteria on the spark-chamber pictures. Although the automatic
spark-chamber analysis program has been very highly refined there are
still occasions when the track assignment or event classification
can be improved upon by human intervention. A system is available
which uses a mini-computer with interactive display to permit such
intervention and it is intended to use it to monitor the performance
of the automatic analysis and to apply corrections where necessary
to those events that have been automatically selected as the best
candidates for gamma-ray events.

The performance of the complete system (hardware plus software)
can be expected to vary with time, especially due to aging of the
spark-chamber gas. A check on this has been made by dividing the first
two observation periods into shorter intervals of time and measuring
for each the counting rates of selected gamma rays in different energy
intervals. This has shown that over a period of a month the total
efficiency does not vary by more than about 10%. Day-to-day monitoring
of spark-chamber performance is possible us.’'ng the real-time display
facilities in the Control Centre.A display of the first gamma-ray
event seen on this system is shown in Figure 7.

In the accompanying papers results are presented that are based
on analysis using the calibration data and analysis methods described
above. For the following reasons these results are preliminary:

- the calibration used may not reflect exactly the performance
of the flight unit
- the automatic analysis without human correction leaves a non-negli-
gible background
- not all data acquired for the observations discussed have been
received.
As a result, absolute values should be treated with caution. None . f
the conclusions derived are affected by these limitations. However
the combined effect of the quoted uncertainties prohibits at present
the drawing of conclusions on energy spectra in most cases.
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Fig, 7:

Real-time display of spark-chamber "picture" for the

first event accepted as a gamma-ray event.

(This display

has only half the resolution of the spark chamber.)
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COS-B OBSERVATIONS OF THE HIGH ENERGY GAMMA
RADIATION FROM THE GALACTIC DISC

The Caravane Collaboration

ABSTRACT

During the first months of operation, COS-E hzs observed galactic
high-energy gamma rays from the galactic disc. In the galactic centre
and Vela regions the disc emission distribution has been measured.
From tnese data the exIstence of a local (< 1 kpc) and a distant
(> 3 kpc) emitting region is apparent in the general direction of the

inner galaxy.
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1. Introduction. During the first three mornths of operation the CU5-B
experiment has observed approximately one fourth of the galactic “isc
including the galactic-centre regicn, the galactic - nticentre and the
Vela region. A completely automatic analysis of the ersents recorded
during these observations reveals a galactic garma '~y emission from
the three regions. In the anticentre and Vela rex!.s localized
sources of gamma-ray emission are present. Ti« st.ly of these discrete
gamma-ray sources is described in an accompat 'ing paper.

The presence of locaiised sources complicates tre observation
of the diffuse galactic emission, especially in the anticentre region,
where the contribution of the galactic background cannot at present
be resolved from the Ziscrete sources. The reduction of the effective
sensitive area for photons incident at large angles limits the sig-
nificance of the events reccrded at the edges of the observation
zones, For this presentation, our survey of the galactlc emission is
then restricted to the Vela region (2449 < 1II < 284°) and to the
galactic centre region (3500 < 11I < 207),

The exact nature of the origin of the high-energy gamma rays
from tne Galaxy is still questionaile in spite of the large number
of interpretations of the SAS-2 1ata. (For a review see for instance
Paul, Cassé and Cesarsky. 1976). Most of these interpretations indi-
cate that the galactic gamma rays originate in the galactic disc and
especially in the Interstellar gas layer - the scale height of the
galactic disc, the sbserved width of the galactic emission and the
angular resolution of the gamma ray detector provide limits to the
distarce of the emitting regions. For example an emitting region
located in a disc ~ 200 pc thick would appear to be about 40 wide if
its distance from the Sun is 3 kpc. It has been suggested (Fichte! et
al, 1975) that towards the galactlc centre (within + 30° longitude)
the high-energy gamma-ray emission (>100 MeV) is represented by the
sum of a wide contribution from the nearby Sagittarius z-m and a
narrow component coming from distant regions. At other galactic
longitudes only a wide component has been observed. A high-resolution
observation of the galactic gamma ray emission (>15 MeV) indicates
that a dominant part of the gamma radiation emitted from the direction
of the galactic centre may be confined to a ~3° wide band lying along
the galactic equator (Samimi, Share and Kinzer, 1974) suggestin, a
source location more distant than 4 kpc.

High-resolution observations can be achieved by the COS-B experi-
ment if high-energy events are selected. For example, the angular reso-
lution of the experiment is about 3~ for photons of 300 MeV (Bennett
et al, 1974). With such a resolution a line emission as thin as 4  may
be resolved. The long exposure time achieved during our galactic-disc
survey enables us to take a‘vantag. of the better angular resolution
at high energy.
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For the purpose of this paper only those gamma-ray events are
considered for which the tracks of the electron pair are separately
identified in two projections. Applying this selection assures that
the instrumental background can be neglected with respect to the
galactic emission. However the detection efficiency is not accura-
tely known at present, so that the quoted intensities should be con-
sidered to be preliminary.

2. Observations. Figure 1 shows the lavitude profile of the galactic
emission in the galactic longitude interval 2ut~ < 111 < 284" for the
energy ranges 70-2000 MeV and 300-2000 MeV. The contribution of the
Vela source has been excluded from both distributions by ignoring a
circular region cengered at the position of tge Vela pulsar and with
a radius equal to 9 (range 70-2000 MeV) or 6 {range 300-2000 MeV).
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Fig. 1 Latgtude Igrofile oof the gamma ray emiggton swmmed from
244° < 11T < 284° excluding the contribution of the Vela
gsource.

The error bars reflect only the statistical uncertainties.
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The Letter angular resolution in the 300-2000 MeV range does not
reveal more structure. The observed distribution width of about 20
suggests that at 111 270" the galactic high-energy gamma rays origi-
nate in regions less than 1 kpc distant.

Figure 2 shows the latitude profile of the galactic emission in
the galactic longitude interval 350° < 1II < 20° for the energy
ranges 70-2000 MeV and 300-2000 MeV. The difference between the two
profiles is consistent with the variation of angular resolution with
energy. The data imply the existence of a wide component and a narrow
one. The measured thickness of the narrow component (<4° above 300
MeV) is compatible with a thin line emission. The wide component is
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Fig. 2 Latitude profile of the gamma ray emission summed from
Il = 3508 to 111 = 208.
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reminiscent of the disc profile in the Vela region. This result sug-
gests that most of the gamma rays recorded in the latitude intervals
-10° < bII < -2° and 20 < bII < 10° originate in close-by regions

(s 1 kpc) while a large fraction of those observed in the range -2

< bll < 2" come from distant regions, at least >3 kpc if one assumes
that the scale height of the emitting region is 100 pc. A more quan-
titative analysis is required to resolve the possible contribution from
intermediate distances.

The sensitivity of our survey permits the investigation of the
galactic structure in more detail. Figure 3 shows the longi-
tude distributions of the two components separately. The longitude dis-
tribution of the close-by component (curve b) is reminiscent of the
distribution of the predicted contribution from the interstellar medium
within 1 kpc of the Sun as deduced from interstellar reddening by Puget

et al (1975).
L T
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3
I
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(b)

PHOTONS ( > 300 MeV) 10-5 cM~2s-1 gr -1

1 | |
340 0 20

GALACTIC LONGITUDE (DEGREES)

Fig. 3 Longitude profile of the gamma ray emigsion itn the energy
range 300-2000 MeV sunmed from 5 < b < (eurve a)
and from -10" < bII < -2% and 2° < pII < 10° (ourve b).
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The distribution of the distant component (curve a) reaches a maximum
for 5° < 111 < 10°, while this may be taken as a hint of some struc-
ture in the inner region of the galaxy, the data definitely exclude

a peaking of this high-energy radiation at 111 = o,

3. Conclusion. In spite of the rather incomplete survey of the galactic

disc presented here, the following conclusions are derived:
i) most of the galactic high-energy gamma rays originate
a) from close by regions whose latitude-profile widths are compa-
tible with a distance £ 1 kpc, or
b) from distant regions compatible with a thin line source indica-
ting a distance > 3 kpc. 11 o
ii) Such distant regions are not observed at 1 270" indicating that
the contribution of the outer galaxy is very weak.
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COS-B OBSERVATIONS OF LOCALISED SOURCES OF GAMMA-RAY EMISSION

The Caravane Collaboration

ABSTRACT §

In October 1975 the high-energy gamma ray flux from the Vela pulsar
was measured by COS-B to be 1.6 to 2.1 times higher than the flux
measured by SAS-2 in 1973.

The existence is confirmed of a second region of enhanced radiation
in the galactic anticentre in addition to that from the from the
Crab pulsar.
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1. Introduction. CO0S-B data from the first three observation periods,
galactic anticentre, galactic centre and Vela region, have been ana-
lysed by the automatic processing sequence. This comprises spark
chamber picture recognition and classification and derivation of the
direction of incidence and energy for each event recognized as a

gamma ray. Intensity skymaps were produced for selected event classes
and energy ranges.

Since only the purely automatic picture recognition process is
used for the present analysis there remains a residual background in
these skymaps. Although for the gamma classes 2 and 22 used for this
analysis the background is higher than for class 22 alone, the possi-
bility to use the calibration data already available for class 2
and 22 makes it preferable to use these data.

In Figure 1 the data from the first three observation periods for
gamma rays of energy greater than 100 MeV are plotted as line fluxes
derived by integrating intensities from -10° to +10° galactic lati-
tude. The error bars indicate statistical errors. The striking
feature is the high peak observed in the Vela region.

Ly,

cos B
12 100 MeV < ENERGY < 2 GeV

PHOTONS 10-5¢M-25-! RAD-!

0o 80 60 40 20 0 30 320 300 280 260 240 220 200 180 160 140
! | i i : i | . . . ‘ [ ‘ . | !
GALACTIC LONGITUDE (DEGREES)

N

Fig. 1 Obgerved flux for three observation periods integrated over
the latitude range =10° to +10° for the energy range 100 MeV
to 2 GeV, derived by automatic analysis without background
subtraction. Statistical errors are indicated.
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2. Vela. Figure 2 shows a latitude profile across the galactic plane

integrated over 22° of longitude centred on the Vela pulsar.

To make use of the better angular resolution the 300 to 2000 MeV
energy band is used for this latitude profile. In this profile it

is seen that the peak coincides within 0.5 degree '1th the position

of the Vela radio pulsar (PSR 0833-u45) at bII = -2,8°,

The width of the peak is consistent with that expected from the angu-
lar resolution as determined from the calibration for this energy
range. It is therefore evident that most o the source flux is emitted
from a source much less extended than the supernova remnant which has
a diameter of 5 degrees. Final evidence for the identification of this
gamma ray point source with the radio pulsar will be provided in a
following paper on pulsation analysis.
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Fig. 2 Latitude profile in the Vela region for the energy range
300 MeV to 2 GeV. (Analysis and errors as for Figure 1).
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Fig. 3 Longitude scans for the Vela region in five latitude bands
for the energy range 100 MeV to 2 GeV. (Analysis and errors
as for Figure 1).
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It is worthwhile to remark that the Vela observation period was
divided into two parts, one with the experiment axis pointed to the
Vela pulsar (1IT = 26u~, pII = -3°) the other with the axis directed
to the binary system 3U0900-4¢, (1IT = 2630, bII = 4+4°), Analysis of
these two periods gave consistent results and prove the correctness
of the applied analysis procedure concerning the reconstitution of
arrival directions.

Longitude scans for different latitude intervals are presented
in Figure 3 for energy greater than 100 MeV. These clearly indicate
the source contribution above the galactic disc and background. In
order to separate the intensity of the Vela point source from the
underlying galactic disc and background components, a maximum and
minimum background level in each scan has been assigned and the
excess flux above these levels has bee1 attributed to the point
source leading to the flux values given in Tacle 1. Comparing these
limits with the measurement of SAS-2 (Thompson et al, 1975) we find
that our values are 1.6 to 2.1 times higher.

TABLE 1
| CoS-B SAS-2
| Enmergy Range ™ 100-2000 MeV >100 MeV
—
Flux Upper limit (cm-2s-l)§ 1.3 x 107° (6.3 + 1.1) x 10-6
Flux Lower limit (cm-23-l)| 1.0 x 107° -
I

This factor is too large to be accounted for by error in the
COS-B calibration or analysis. This is supported by a comparison
of the COS-B measurement of the narrow line component from the ga-
lactic centre region with the flux derived from the measurements
of SAS-2; the COS-B flux comes out about 15% lower than the SAS-2
figure,

It is interesting to note that a glitch in the pulsar period
took place about one month prior to the COS-B observation (Manchester,
Goss and Hamilton, 197b; the previous glitch occurred about 1.5 yr
before the SAS-2 observation. The increased rotational energy loss
after the glitch cannot simply explain the increased y luminosity.
If the two phenomena are related the gamma ray emission, absorption
or beaming process must be extremely sensitive to changes iu rota-
tional parameters.

No change in intensity (greater than 20%) is apparent in the
39 days of observation. A second observation is scheduled for August
1976 with the aim of gaining insight into the long-term behaviour
of the Vela luminosity.
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3. The Galactic Anticentre Region. In Figure 1 the COS-B data show a
relatively weak and wider peak in the anticentre, as compared with
the Vela region. From the detailed sky map it was seen that *his
er.hancement has broad maxima centred at two positions, one being

11T = 1850, bIl = -60, the Crab Pulsar, the other being the location
11T = 195°, bII = 45° for which enhanced radiation has been already
reported by Kniffen et al (1975).

More detailed longitude and latitude profiles centered at each of the
two positions are given in Figures U and 5.

'
vrag,

. ﬂ 100 MeV < Ey < 2 GeV
l 0*<pB<.10°

-

wo

-100< b <O

PHOTONS 10-5CcM-25-1RAD-!

GALACTIC LONGITUDE (DEGREES)

200 190 180 170

Fig. ¢ Integrated fluxes tn two latitude bands in the anticentre
region for the energy range 100 MeV = £ GeV. (Analysis and
errorg as for Figure 1).
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Figure 4 shows longitude profiles, one north the other south of
the galactic equator, integrated over 10° of latitude. The profiles
show similar asymmetric peaks. In Figure 5 latitude profiles are shown;
we again find distinct asymmetric peaks with maxima at the location of
Crab and at bII = 57, The larger statistical errors in the latter
region are due to the reduced sensitivity since this region is about
149 from the experiment axis.
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Fig. § Latitude profiles fop the aﬁicentrc wagion centered on the

longitudes 111 = 185° and 114 = 19s°. (Analysis and errors
ag for Figure 1).
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Using a method similar to that for thc Vela source,the maguitude
of the eghancement from the region -10 < bIl < 0~ and 177.5 < 1
< 192.5° (Crab) is found tg be (3.0 + 0.5) x 1076 em™?s”L. The flux
determined for the region 0° < bil < T0° and 187.5° < 11T < 202.5 -
is 2.2 x 1075 cm™25-1 with similar uncertainties. '

The statistical uncertainties in the present data do not allow a
detailed investigation of the structure of the emission region. The
peak at 1II = 1950, bII = 5° {s consistent with a point source but
an extended object cannot be ruled out.

It is planned to look in this region again with C0OS-B in October
1976 with the optical axis nearer to the region 1IT = 195°, pII = 5°,
These data may help resolve the uncertain nature of the emission in
this complex region of the sky.
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THE TIME STRUCTURE OF THE GAMMA-RAY FMISSION FROM THE CRAB
AND VELA PULSARS

The Caravane Collaboration

ABSTRACT

High-resolution data on the pulsed gamma-ray emission from the
Crab and Vela pulsars are presented. The light curves of these two
pulsars at gamma-ray energies show striking similarities.

The measured pulsed intensity from Vela at energies greater

than 50 MeV was found to be ~ 1.3 x 1072 cm™ 2571, The energy spectrum
is not consistent with a power law.
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1. Introduction. The objective of studying the short-period temporal
behaviour of possible gamma-ray emission from sources known to have
time structure at longer wavelengths was included when the COS-B
mission was defined. At that time, some 50 radic pulsars were known

and one, NP-0532, the Crab pulsar, had been observed to emit pulsed
radiation in ¥X-rays and possibly gamma rays (Vasseur et al, 1971, Leray
et al, 1372). The number of radio pulsars known now is about 150 and
two, possibly four, gamma ray pulsars have been detected (Browning,
Ramsdenand Wright 1971, Albats et al 1972, McBreen et al 1973, Albats
et al 1974, Thompson et al 1975, Ugelman et al 1976).

Apart from the intrinsic interest in the temporal properties per
se, the detection and correlation of a characteristic time structure
can be decisive for the identification of weak gamma-ray point sources
buried in, for example, the galactic plane,

The low intensity of gamma rays above 30 MeV requires long ob-
servation times (2100 secs.) to provide sufficient statistic to extract
temporal patterns from the background. Under tnese conditions, a phese
analysis down to 1 ms or less with the solar barycentric system as
reference frame, would require a stability of the on-board clock and
a knowledge of the satellite orbital elements beyond the expected
scope of the COS-B programme. Hence a small X-ray detec*tor, referred
to as the pulsar synchroniser (PS), with an effective area of 80 em?
sensitive to X-rays in the intervil 2-12 KeV was included in the pay-
load (Boella et al, 1974). The arrival times of the X- and y-quanta at
the satellite would be determined by sampling the spacecraft clock to
0.2 ms increments. This detector would provide a convenient counting
rate capability so that the period and phase of X-ray pulsars of
intensity down to 0.1 of the pulsed emission from the Crab could be
obtained in the satellite reference frame in intervals of about
one hour, within which Doppler effects due to the motion ¢’ the earth
and satellite could be neglected. With this information the search
for pulsations in the gamma-ray emission could be undertaken.

In fact, it has been possible to determine the satellite positien
to better than 20 km, a factor 4 better than expected and the on-
board clock has achieved a stability of 1 in 109 over three hours,
ten times better than specified. The on-board time can be related to
UTC to better than 1 ms. Thus COS-B is able to perform a gamma ray
phase analysis both by synchronising with the X-ray data from the
pulsar synchroniser in the satellite reference frame and by using
the solar-system barycentre as a reference frame.
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2. Description of the procedures used for the pulsar analysis

The following block-diagram outlines the phase analysis by the
synchronisation method:

Subdivide the whole observation in time intervals At small
enough to neglect Doppler effect.

v

Check the statistical confidence of the X-ray data sample
collected during each interval Ati'

V.

Phase analyse the X-ray arrival times with variable value of
the source period P for each Ati.

Y

1)
i Select, for each At, $ the value P corresponding to the maximum
;xz phase distributidn

Obtain Px(t) and ¢x(t) from P,

Y

Phase y-ray arrival times using Px(t) and ¢x(t‘

The validity of the method was checked by a study in which the
experimental conditions of COS-B were simulated. That part of the
X-ray analysis relative to the extraction of the pulsating pattern in
each of the synchronisation intervals Atj has been tested on experi-
mental and Monte-Carlo simulated data in order to check the confi-
dence of the algorithm used (Boella et al 1974).

For .he Solar-System Barycentre analysis the two steps were (a) trans-
formation of photon arrival times at the barycentre - using the emphe-
meris {%indly supplied by Lincoln Lab. through the courtesy of

Dr. Henry Helmken (SAO))and the position of the satellite and
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(b) computation of residual phases at the barycentre. In the case of
NP 0532 the solar-barycentric perlod and phase have been derived from
the X-ray analysis through the synchronisation method. For PSR 0833

a "period model'" has :een used as obtained from radio observations by
Manchester, Goss and Hamilton (1976) and Reichley and Downs (private
communication). Absolute radio phase values are not yet available

for comparison.

3. NP 0532 observations. COS-B observed NP-0532, the Crab Nebula and
the region of the galactic anticentre from 17 August to 17 September
1975. The X-ray light curve is shown in Figure 1 for the entire
observation period excluding intervals when the data were disturbed.
The pulsed fraction of X-ray emission in the range 2-12 keV, accoun-
ting for the instrumental background is 8.5%, which is compatible
with the results of Ducros et al (1970).
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Figure 2 shows, superimposed on the X-ray light curve, the gamma-
ray light curve derived by the synchronization method for class 2 and
22 events for energies »50 MeV and for reconstituted directiors with-
in an acceptance cone of half-angle @554 = 6 centred on the pointing
direction, for all intervals when both X-ray and gamma-ray data were
available simultaneously (v50% of the operational time). The very
strong similarity of the X- and gamma-ray light-curves is evident.

I["—Y—Y—‘“T" T Y r - T T T T T T T R A S ‘!‘
f g
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' _ 0€6*
30 | : 350 EVENTS
———
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360 | ‘
"’ - -
e 1 3 . 2
< |t N
2 >
z350 + - i
2 |
o i
|8
]
x
340
120
r---q
330 + Lany
< LAY s

1 23 456 78 9 101 1213 1461516 17
TIME x17 / PERIOD
Fig. 2 Gamma-ray light curve of NP 0532, obtained by the synchro-

nization method, compared with the X-ray light curve.
The pulsar period is divided into bins of ~2 ms.
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Figure 3 shows the gamma-ray light curve derived by the solar-
barycentric analysig for class 2 and 22 events with energies 2 50 MeV
and within 8pax = 8 . This analysis used radio data supplied by Rankin
(private communication) updated by phase information obtained from the
PS. All available gamma-ray data over the completed observation period
have been used. The separation of the two peaks is 132.5 ms, while
the main-~ and interpulse have 1.5 ms and 3.0 ms widths at half height
respectively. The lower limit for the pulsed fraction for E, 2 50 MeV
derived from Figure 3 is n35%, with the background level taken as the
average of bins 47 to 66, It must be noted that the unpulsed fraction
includes any continuous component from the source, a contribution
from the general gamma-ray emission from the anticentre region and
instrumcatal background.
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Fig. 3 Gamma-ray light curve of NP 0532, obtained by solar system
barycentric analysis, compared with the X=ray light curve.
The pulsar period is divided into bing of 0.5 ms.
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So far, only 36 h of X-ray data have been analysed by this method.
The X-ray light-curve obtained is superimposed on the gamma-ray light-
curve in Figure 3. The overall similarity of Figures 2 and 3 gives
confidence for the epplication of the bharycentric analysis for pulsars
not exhibiting temporal structure cbservable by the PS.

4, PSR 0833-u45 observations. COS-B observed the neighbourhood of the
Vela supernova remnant, with the experiment axis directed to PSR 0833-
45 from 20 October to 8 November and to 3U0900-40 from 8 November to
28 November 1975. Since the pulsar emits little or no pulsed X-radia-
tion (Rappaport et al, 1974), the synchronization method cannot be
applied and gamma-ray light curves can only be obtained through the
barycentric methiod. The barycentric analysis has been carried out
separately for tne two periods, based on the radio data. Only the
first period has been analysed in detail. ’
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Fig. 4 Gamma-ray light curve of PSR 083, obtained through solar
system barycentric analysis, for the period 20 October to
8 November 1975. The pulsar period of 89.2 ms is divided
into bins of ~1 ms.
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Figure 4 is an example of the gamma-ray light curve for class 2
and 22 event. of E_ > 50 MeV and for Opax = 7°. This result clearly
establishes detaild of the pulsed gamma-ray emission. The separation
of the two peaks is 38 ms, while the main- and interpulse have 3 ms
and 6 ms widths at half height respectively. These widths are in
contragt with the measurements of Thompson et al (1975), who reports
widths of 14 ms.

A series of light-curves for various selections on energy and
arrival direction has been produced. From these, Figure 5 has been
derived which shows the number of gamma rays above the background
(average of bins 67 to 90) in the phase plot as a function of Opay
for five energy intervals. The number of pulsed gamma rays reaches a
maximum at higher acceptance angles as the energy is decreased, con-
sistent with the variation of angular resolution with energy. The
curves through the data points have been fitted qualitatively. The
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Fig. 5§ The number of pulsed gamma rays, i.e. those in the light
curve peaks above the background level, showm as a function
of the half angle of the acceptance cone for reconstituted
gamma-ray arrival directions centred on PSR (0833, for
five energy intervals.
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asymptotic value of the number of pulsed events for each energy has
been taken and, correcting for the energy dependance of the sensi-

tivity of the instrument, the

integral energy spectrum shown in

Figure 6 was obtained. Over the energy range from 50 to 1000 MeV,
the spectrum is not consistent with a power law. Ths pul<~-1 flux
above 50 MeV is 1.3 x 107° em~2s~1 and above 100 MeV is 1.0 x 1075

cm=2g~1,
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Fig. 6 The integral energy spectrum for the pulsed component of
the gamma-ray emiseon from PSR 0833. The statistical
error at 1 GeV (40 counts) is indicated. The data have
not been corrected for the finite energy resolution,
which may result in uncertainties ~ 20% in energy

assignment.
The intenstity for EYB

- -2 =
50 MeV is 1.3 = 10~5 photons cm “g
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The pulsed fraction of gamma rays for ab-ve 50 MeV and above
500 MeV as a function of acceptance angle is plotted in Figure 7.
The diagram shows that the lower limit of the pulsed fraction is
approximately 85%. The unpulsed fraction contains any non-varying
component from the pulsar, the supernova remnant, the galactic plane
and instrumental background. Given this pulsed fraction, the pulsed
flux is consistent with the total fiux quoted in the previous paper.

Comparing these measurements with those of Thompson et al (1975),
we conclude that the pulsed luminosity has increased signifirantly
(by about a factor of 2). It is uncertain whether the apparent change
ir pulse widths is related to this change in luminosity.
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Fig. 7 The pulsed fraction of gamma rays recorded as a function of
the half angle of the acceptance cone for reconstituted
gamma=ray arrival directions centred on PSR=0833 for E_>50
and >500 MeV. The lower limit to the pulsed fraction i
n86%.
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5. Compariscn of NP-0532 and PSR 0833-45. F
ray light curves for

igure 8 shows the gamma-

>50 MeV and Ey % 200 MeV derived by solar

barvcentric analysis for the complete observation period of NP 0532
and for the second period 8-28 November on PSR 0833-45, For both
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pulsars the structure is dominated by two narrow pulses separated by
0.42 of the period. This structure is practically the same for the
two energies shc m.

In the light of the extreme difference of these two pulsars at
longer wavelengths and their striking similarity at gamma-ray
energies, it is tempting to suggest that the pulsar process manifests
itself directly in the gamma-ray emission and that the radiation at
lower energies reflects more complicated processes,
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"LOW-AND-MEDIUM ENERGY GALACTIC GAMMA-RAY OBSERVATIONS"

Gerald H. Share, E.O. Hulburt Center for Space hesearch,
Naval Research Laboratory, Washington, D.C. 20375

ABSTRACT

Observation of 0.2-100 MeV diffuse gamma
radiation emitted from the Galaxy can provide
information on the intensities of 5-50 MeV/
nucleon cosmic-rays and s3C MeV electrons in
interste.lar space. Recent measurements of
gamma-rays emitted irom the galactic center
region provide evidence for a diffuse con-
tinuum between 10 and 100 MeV which is

dominant over the n-decay emission generated

in high-energy nuclear collisio.s. The
intensities of the recently reported nuclear-
line gamma rays, alsc observed in the direction
of the galactic center, require the presence of
intense fluxes of low-energy cosmic-rays in the
inner Galaxy if the gamma-rays are produced on
a galactic scale. Current detection techniques
for 0:1-100 MeV gamma-ray measurements are
summarized ard their capabilities for measuring
the diffuse galactic emission are evaluated.
Significant improvement in our knowledge of
low-and-medium energy galactic gamma radiation
can be expected within the next few years.

65




[ S S

1. Introduction. In this Symposium we are primarily
int2rested in large scale features of our Galaxy, such as
the spatial distribution of interstelilar matter and
energetic particles. Diffuse gamma radiation emitted
from the Galaxy provides us with information which

either supplements or is not obtainable from the more
traditional disciplines of astronomy.

Observations of galactic gamma radiation in the
hundred MeV energy region from SAS-2 and COS-B have
been summarized earlier in these Proceedings. These
high-energy photons are generated in the interactions
of particles with kinetic energies 5500 MeV. Although
discrete gamma-ray sources, such as the Crab Nebula and
the Vela Pulsar contribute to the enhanced emission
from along the galactic plane, it is likely that most of
this radiation is produced in interactions of high-
energy cosmic-ray protons and alpha particles with inter-
stellar matter. These interactions produce the character-
istic n° -decay y-ray spectrum which peaks near 70 MeV,
and above which energy more than 80% of the emission
occurs. For this reason, >100 MeV gamma rays can provide
information on the fluxes of GeV cosmic-ray nuclei and on
the densities of interstellar gas in regions of the
Galaxy distant from Earth.

In this paper the status of the observations of
lower energy (E < 100 MeV) galactic gamma radiation is
ssmmarized. These low-and-medium energy gamma rays
provide us, in like manner, with information on the
fluxes of two other components of the galactic cosmic
radiation, electrons with energies 550 MeV and nuclei with
energies between 5 and 50 MeV/nucleon. The electrons can
generate continuum gamma radiation from bremsstrahlung
interactions on interstellar gas or from "inverse' Compton
scattering on interstellar starlight. The low-energy
nuclei produce nuclear-line emission in inelastic col-
lisions with interstellar gas.

The nexti section discusses the low-and-medium energy
gamma-ray observations which have b??n made in the.ﬁgnera}
vicinity of the galactic center (|b*"| <10°;-30°z ¢'1<+30%),
where the intensity is expected to be greatest. Future
investigations will aim at achieving better sensitivities
so that low-and-medium energy gamma-ray emission can be
mepped from other extended regions of the Galaxy as
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well. The last section treats the detection techniques
that will be in use in the next few years and the antici-
pated improvements in the measurements.

2. Observational Status.

A. Detection Techniques. Before presenting the observa-

tions which have been made to date, it will be helpful to
first describe the instruments used. Although the SAS-2
multiplate spark chamber (Fichtel et al. 1975a) is most
sensitive at energies above 100 MeV it responds to photons
down to .35 MeV. At these energies the angular resolution
is considerably degraded but some spectral information on
diffuse galactic emission is available.

An experiment which provides both good angular
resolution (<2°) and good energy resolution (*15%) in the
15-100 MeV range is the emulsion wide-gap spark chamber
array which Bob Kinzer, Carl Noggle, Nat Seeman and I
developed at NRL (Share et al. 1974). A drawing of
the configuration flown during a 1971 exposure to the
galactic center region is shown in Figure 1. Gamma rays
convert in the stack of nuclear emulsions (E) producing
electron pairs which are detected by a counter telescope
consisting of a proportional counter (P) and two plastic
scintillation counters (B). The plastic scintillation
counters (A) reject charged cosmic radiation. Use of a
combination absorption - Cerenkov counter (C) 1limits
detectable gamma-ray energies to 2200 MeV. The trajec-
tories of the electron pairs are photographed in a wide-
gap spark chamber permitting the tracks to be located in
the emulsion where precise measurements can be made near
the point at which the gamma rays converted.

The third instrument, shown in Figure 2, was developed

at the Smithsonian Astrophysical Observatory (Helmken and
Hoffman 1970) and flown in 1971, It consists of a tele-
scope arrangement using plastic scintillators and a gas
erenkov counter, Although it has excellient background
rejection properties and is sensitive down to -15 MeV, it
has rather poor angular resolution, ~25°, and provides no
spectral information.

The fourth instrument is shown in Figure 7 and was
designed at Rice University to detect gamma rays of much
lower energy, from -50 keV to ~10 MeV (Walraven et al.,
1975). It consists of a 5 cm thick Nal crystal, with a
sensitive area of ~180 cm‘, which is shielded by other
Nal crystals and collimated to an aperture of ~13° FWHM.
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B. Summary of the Observations. Much of the data from
these experiments relating to galactic observations have
already been published. What I have attempted to do is to
combine these results with some theoretical studies in
order to appraise the status of our knowledge of the
0.1-100 MeV diffuse emission from the galactic plane. The
summary takes the form of the differential spectrum, shown
in Figure 4, of the radlatlon emltted fE?m the direction of
the galactic center (|bll] - 107; -30"" 30°). From the
shape of the spectrum, especially at energies -100 MeV, we
can determine the relative contributions that processes
such as high energy proton interactions and electron
bremsstrahlung make to the total gamma-ray flux. This
determination is critical to the interpretation of the
longitude distribution of galactic gamma rays which is
discussed later in the Symposium by Floyd Stecker and
Don Kniffen.

Shown at high energies are the data obtained by the
group at Imperial College, London (Sood et al. 1975).
The measurement between 600 and 1400 MeV was 4. over
background in the latitude interval |b!l| - 4° while the
other points are 20 upper limits. Recent extended balloon-
borne exposures with this same experiment promise signifi-
cant improvement in these high-energy measurements
(G.K. Rochester 1976, private communication). In addition,
forthcoming results from COS-B should provide good quality
spectral data up to -2 GeV (Bennett et al. 1974).

The data from SAS-2 have been adapted from the
integral spectrum given by Fichtel et al. (1975a).
Caution must be taken in using such a subtraction pro-
cedure, the large errors shown reflect this uncertainty.
As suggested by Cowsik and Voges (1975) a '"direct" dif-
ferential representation of the SAS-2 galactic energy data,
similar to that given for the diffuse cosmic background
in the same paper, is desirable.

The points designated as NRL-Mashhad have been derived

from an analysis of data obtained during a 1971 exposure
with the emulsion-spark chamber system shown in Figure 1
(Share et al. 1974; Samimi et al. 1974). The emulsion
analysis which has been performed recently at the Fer. r»wsi
University, Mashhad, Iran is almost completed. The
spectral data shown in the Figure were obtained in col--
laboration with Robert Kinzer and Jalal Samimi and have
not been presented before in this form. They have been
derived using only y-ray events ~100 MeV for which both
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members of the electron pair were energetic enough to

leave the stack of emulsions and to be recorded in the

spark chamber. Final results from a complete analysis

will be presented in a forthcoming publication. The
differential intensities were found by subtracting the
contribution of ?Emospheric background (determined from

data taken at |b > 6°) from the y-ray spectrum observed
within :3° of the gralactic equator for longitudes

-30° 2211z 30°. Ths limited statistics in both the galactic
and background spectra yield large errors after subtraction.

Because of the important energy range over which it
was made, data obtained using the SAO Cerenkov telescope
have been included, even though only an integral measurement
was made. The conversion to a differential intensity
yields a large uncertainty which is reflected in the
errors given.

Before discussing the low-energy data, it is well tc
reflect on the measurements above 10 MeV. Various system-
atic uncertainties, such as exposures to differing sections
of the galactic plane near the galactic center are
present, in addition to the statistical uncertainties
shown., With this in mind, the agreement between experiments
is reasonable. Shown for comparison are the calculated dif-
ferential spectra of galactic gamma-rays produced by
electron bremsstrahlung and Compton collisions, and by
cosmic-ray int :ractions on interstellar matter. The
bremsstrahlung and »° -decay intensities are from the
calculations of Fichtel et al. (*"975b) for a galactic
longitude of 335°. The n° intensity dominates over
bremsstrahlung for energies above 100 MeV. However, as
suggested by Ramaty and Westergard (1976), the
b:remsstrahlung contribution could be significantly greater
it the cosmic~ray electrons are stopped before they can
escape from the Galaxy (closed 4 .laxy model). The Compton
spectrum shown was calculated by Cowsik and Voges (1975)
and indicates that the Compton process dominates the
galactic gamma-ray emission even at energies above 100 MeV.
However, other estimates of 192 Compton scurce strength are
significantly lower (Shukla and Paul 1976; Dodds et al.
1975).

The data in their present fragmentary form provide
an indication of the dominant production mechanisms for
gamma rays <100 MeV. The NRL-Mashhad observations, taken
together with those from SAS-2 are consistent with a con-
tinuum produced primarily by electron bremsstrahlung or
Compton collisions.
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The data plotted below 10 MeV from the Rice observa-
tions (Haymes, et al. 1975) were obtained during an
axposure centered on the hard X-ray source GX 1+4.
Continuum emission up to -800 keV was observed from this
regior of the galactic plane; it is likely that much, if
not all, of it is emitted from the hard X-ray source.
However, for purposes of comparison I have chosen to plot
the extrapolation of this continuum spectrum
(dN/dE = 7.1 x 107" E*7*7%) to higher energies assuming
that the gamma rays are emitted from a diffuse source
along the plane. There is some evidence in the Rice data
for such diffuse emission. A brief exposure to the
longitude range from 339° -352° along the pla e during a
background portion of the flight also showea ..n enhancement
over background measurements taken at higher latitudes.

In addition, the continuum intensity measured in an
earlier Rice experiment (Johnson and Haymes 1973) was
about a factor of two larger than the current measurement,;
this is consistent with a diffuse interpretation because
of the larger aperture of the earlier experiment.

Some of the higher energy data points observed by
the Rice group above 1 MeV are also plotted, assuming a
diffuse origin, in order to indicate the level of sensi-
tivity of the current measureuwents in this energy range.
Most of the data points >800 keV are consistent with zero;
however evidence was found for features which can be
attributed to nuclear line emission. This evidence is
illustrated in Figure 5 which is taken from Haymes et al.
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Fig. 5 Spectral data r~btained by Haywes et al. (1975) giving evi-
dence for nuclear line features emitted from the galactic
center region.
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(1975). The features at -0.5 MeV and -4.5 MeV can be
attributed to positron annihilation and emission from the
excited state of !2C, respectively, while the broad
enhancement from 1.2 to 2 MeV could be due to a combination
of lines from °¢Fe, ““Mg, 29Ne, 29Si. If confirmed these
line features represent the first observation of nuclear
gamma rays emitted from outside our solar systen.

Returning to Figure 4 we can compare the intensity
of these features, assuming a diffuse origin from the
galactic plane, with recent calculations by Meneguzzi and
Reeves (1975; see also Rygg and Fishman 1973). I've
plotted their results for an assumed E 3 differential
spectrum in kinetic energy for cosmic ray nuclei in the
5-50 MeV/nucleon range by normalizing to their calculated
1° ~decay gamma ray intensity. Although the expected
features agree with the observations, the calculated
intensity is about two orders of magnitude below the ob-
servations, requiring either that the cosmic ray intensities
are significantly higher or that the features come from
localized sources such as supernova remnants.

A detailed discussion of galactic nuclear line
features is found in Richard Lingenfelter's paper
in these Proceedings. It is of importance to note in
Figure 4 that both narrow and broad features are expected.
The broad features arise from Doppler broadening of y-rays
emitted from heavy cosmic ray nuclei excited in collisions
with ambient hydrogen gas. WYith this in mind, I wish to
gquestion the interpretation by Fishman and Clayton (1972)
of a possible iine feature at -478 keV, observed by Johnson
and Haymes (1973), as being prodrced by excited 7Li in the
cosmic radiation. Any feature produced in this way would
be severely broadened and not show evidence for a narrow
line profile. Even the narrow features, arising from
cosmic-ray proton excitation of nuclei in the ambient gas
may show significant broadening (e.g., ~80 keV FWHM in
the 4.43 deV line of 12C).

3. Future Observations. There is considerable activity
at present devoted to the development of suitable instru-
mentation for observing low-and-medium energy gamma
radiation, For the purpose of observing diffuse emission
from the galactic plane, an optimum instrument would be
one having a reasonably broad field of view (-25° FWHM)
and an angular resolition of about 1°. This would enable
the galactic diffuse emission to be not only resolved
simultaneously from the background but would also permit

73

1 S



variations of the diffuse emission to be mapped and
resolved from any point sources. Energy resolution in
the range >10 MeV is not critical, a resolution of -25%
FWHM should be adequate to distinguish the various processes
contributing to the diffuse emission. Below 10 MeV,
better energy resolution is critical in order to identify
and distinguish the lines which may be emitted. In the
near future, it is perhaps not essential to attain the
excellent resolution (-2.5 keV FWHM) characteristic of
Germanium detectors. High sensitivity crystal detectors
with moderate energy resolution (-3%-8%) can perform a
large part of the pioneering activity in this field.

(This is especially true because many of the nuclear
lines are expected to be significantly Doppler broadened).
Future detection systems will probably employ arrays of
large volume (-150 cm3) intrinsic Germanium detectors
capable of achieving both high sensitivity and excellent
energy resolution.

It is clear from the results obtained from SAS-1,
SAS-2 and COS-B, that long term observations are important
for making high sensitivity measurements and for detecting
transient phenomena which can complicate measurements of
a diffuse intensity. It is probably more important for
the observations >10 MeV to be performed above any over-
lying atmosphere than it is for observations -~10 MeV.

This is true because the intrinsic background of the high
energy detectors is much lower than the background produced
in the overlying atmosphere as viewed from high altitude
balloons. The reverse is true for energies <10 MeV. In
fact there are significant advantages that balloon-borne
low-energy gamma-ray detectors have, e.g., a stable
background environment which is free from the high intensity
radiation fields that most satellites periodically en-
counter.

The prospects for long duration balloon observations
are growing. In the past most flights have been limited
to durations of -8 hours, except for the semi-annual wind
turn-around periods, when durations of 40 hours have been
achieved. Recent innovations such as transatlantic
balloon flights, as the one launched last year from
Sicily, offer flight durations of 5-7 days. Even longer
durations of up to two to three months will be possible
with the successful development of large superpressure
balloons expected within the next one or two years.

With these general considerations in mind, I wish to
swimarize the current status of instrument development in
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the low-arnd-medium energy gamma-ray domain and also the
sensitivities for detecting diffuse galactic emission
that can be achieved in the next few years. Table 1
lists the types of instruments i.1at are currently in
operation, or being planned, which are known to me.
Within each category there may be one or more variations
developed by different groups. My purpose here is not to
provide an all inclusive listing, but one which is just
representative. Typical propr “ties of currently used
detectors are also given in the Table.

The Rice detector shown in Figure 3 falls into the
first category of actively shielded and collimated
crystals. Another example of this type is the UCSD-MIT
detector (Matteson et al. 1974) which will be launched on
board the HEAO-A satellite in the Spring of 1977. This
instrument is shown in Figure 6. It consists of a
cluster of detectors with different apertures and energy
ranges of operation. The most sensitive element for
detecting the diffuse galactic y-ray emission is the
central detector with its 40° field of view. The four
point source detectors (20° aperture) will be helpful in
distinguishing discrete sources. The block of CsI shown
in the Figure is used as a shutter, primarily for measure-
ments of the diffuse cosmic background.

i second type of shield=d scintillator is also
listed in the Table. This type has a large aperture and
uses an occulter to identify point sources of radiation;
it therefore is not designed for observation of extended
sources. Groups at Toulouse (Mandrou et al. 1975) and
the University of New Hampshire (Chupp 1975, private
communication) are currently employing this technique.

High-energy resolution germanium detectors make up
the next group. 8ignificant progress is being made 1i:
the utilization of large volume detectors such as the
instrument developed at ‘Toulouse (Vedrenne 1976, private
communication) which employs a 140 cm?® diode. This
instrument will be flown within the next year from Brazil
to study the nuclear line emission from the galaciic
center r:_,.:on, 3Shown in Figure 7 is the array of four
40 cm? Ge(L1i) Adetectors developed for balloon observations
by the Jet Propul: :»m Laboratories (Jacobson et al.
1975). The dete.. ~s are actively shielded and collimated
by cylindrical c1, -als of CsI. This configuration i:

similar to the one .eing developed for the HEAO-C s: cllite

which has four 60 cm’® diodes (Hicks and Jacobson, 1974).
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+EAO-A. Germanium array.

This will not be the first germanium detector to be

placed in orbit., The group at Lockhced flew two 50 cm'
Ge(Li) detectors on a polar orbiting satellite in 1972
(Nakano et al. 1974). Other laboratories with experiments
using Germanium include a Sandia-Bell Lab~ collaboration
(Leventhal 1976, private communication) w«ad Goddard

(Cline 1976, private communication).

The next two types of instruments operate in a
higher energy range. Both make use of the Compton effect
for detecting incident gamma radiation, but they are
significantly different in their concept and operation.
Shown in Figure 8 is the semi-actively shielded Compton
detector built in a collaborarion tetweer. Milan and
Southamnton (Maccagni et zl. 1975). An -2 field of view
is =»rcvided by the lead-slats and lead-srcintillator
shielding. This type of rhie.ding reproesents significant
cost savings over inorganic err'stals, "at its background

REPRODUCIBILITY OF THE
ORIGINAL P/GE I8 POOR
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Fig. 8 The Southampton- Fig. 9 The large area Compton telescope

Milan shielded designed at the Max Planck Ins!itute.

Compton detector.

rejection still needs to be demonstrated under flight
conditions., The narrow field of view primarily limit=s
this system to observation of point sources.

The double Compton telescopes developed independently
at Munich (Schorfelder et al. 14.73) aand at the University
of California 1t Riverside (Herzo et al. 1975) represeni
the first attempts to develop an imaging system in this
difficult energy domain. The Riverside system utitizes
several tanks of liquid scintillator which alsu make
it | sensitive detector for solar neutrons. A modified
and significantly enlarged Compton telescope is currently
being constructed ai Munich (Gram] et al. 1975). It is
shown in Figure 9 ard consists of sixteen separate
deteciinz elements in each vwiane. The use of Nal in the
bottom plane greatlv improves the instrument's energy re-
solution and sensitivity.

The last three detectors listed in the Table are all

imaging systems designed for higher: gamma-ray energies.
The large-area low mass multiplate chambers are basically
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the same as the systems designed for photons >50 MeV

exce pt for the emphasis on reducing the scattering of the
pa’ produced electrons, primarily by incorporating thinner
converting plates. The instrument shown in Figure 10,
which was designed at the Moscow Engineering Physics
Institute (Galper et al.

1975), illustrates some of Ner——r——rer———r ﬁ_jﬂ
the characteristics of this T ( |
low-mass design. The flj *SGLJ
conversion plates are a 1 e S 1
factor of -4 thinner than :nu SNt a8} J
those used in COS-B. 1In f ——————8 |
s . X - 12
addition thin-window pro- g I :y;S,;MYee |1
portional counters (designa- A i
ted by C) are used as 1 %N |]
triggering elements. The '} PO N c3| | |1
angular resolution attainable 9 y
with this instrument should | &
be about a factor of two s asarsarsarearnarnare | |
better than achieved by bl 6| |-
COS-B based on the reduction PeT
of scattering material; it T

is therefore difficult to

understand how a resolution Fig. 10 Diagram of the low-mass
of 3° at 17 MeV can be Yy-ray telescope develop-
achieved as claimed by the ed at the Moscow
authors. Other instruments Engineering Physics
for investigating this same Institute.

energy domain, but having

considerably larger sensitive

areas have been developed by the Case-Western Melbourne
collaboration (Jenkins et al. 1974), by the Saclay-
Toulouse collaboration (Bonfand et al. 1975) and by the
group at Goddard (D. Kniffen 1975, private communication).

The next type of instrument is only conceptual
(Kinzer et al. 1970; see also Kniffen 1971) but, if
developed, it should provide a significant improvement in
angular resolution in its energy range without having the
difficulties inherent in the emulsion spark chamber
design listed last in the Table. In this concept, the
gamma rays convert in a heavy noble gas, e.g., xenon, of
a wide-gap spark chamber. This permits measurements to
be made on the directions of pair electrons before they are
scattered appreciably. The limiting feature of this
instrument is its low conversion efficiency and high
operating voltage. Perhaps, though, with the age of the
Space Shuttle near, it may be worth further appraisal.
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I've already discussed the operation of the emulsion
wide-gap spark chamber array developed at NRL (see Figure
1). A modified instrument, with sensitivity extending to
~1 GeV (Samimi et al. 1974) was recently flown and obtained
ten hours of exposure to the galactic center region.

From this exposure -500 galactic gamma rays will be

mapped at a resolution of 1°- 2°., The analysis which is
proceeding at NRL and the Ferdowsi University at Mashhad,
Iran, is arduous; but as is evident from the Table, no
other operating system can approach this angular resolution
in the 10-100 MeV range. This resolution is also critical
for identifying any point sources which contribute to the
diffuse galactic emission.

It is reasonable to ask at this point what we can
anticipate learning from low-aad-medium energy galactic
gamma-ray observations within the next few years. The
graph shown in Figure 11 attempts to answer this question

.z T T L
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for the continuum emission ~1 MeV. The shaded area shows
the range of current measurements made in the direction of
the galactic center (including limits) as depicted in

Figure 4. The points give estimates of the 30 sensitivities

of current instruments as adapted from publications or
communications. No limits are given on the Figure for the
large area multiplate chambers, but I'd estimate their
sensitivities to be somewhat better than those plotted for
the emulsion-spark chambers. For purposes of comparison,
I've included an estimate of the sensitivity of the con-
ceptual heavy-gas spark chamber. It is also important to
keep in mind that systematic uncertainties in the HEAO-A
measurements, due to the rapidly changing background
environment, can significantly degrade the plotted sensi-
tivities. '

Even with these reservations, it is clear that much
will be learned about diffuse galactic emission in the
1-100 MeV region in the next few years. The relative
contribution of electron initiatecd processes, such as
Bremsstrahiung and Compton interactions, to the total
galactic y-~-ray emissior will be well known. In addition,
initisl mapping of these low-energy ccomponents will enable
the spatial distribution to be determined to a level ap-
proaching that obtained from SAS-2 for higher energy
photons.

A similar comparison can be made between the reported
nuclear-line intensities and sensitivities attainable
within the next few years. This comparison is shown in
Table 2. The observed intensities are adapted from the
work of Haymes et al. 1975 on the assumption that these
features are emitted on a galactic scale. The limits
have been adapted from sensitivities estimated by the
different experimenters. It is clear, once again, the
advantage that comes from extended observations, such as
are available with the HEAO-A detector. The sensitivity
obtainable with the large area Compton telescopes is also
worthy of note; however, their limited energy resolution
may be a significant liability for future line obser-
vations.

The sensitivities available during a single day's
exposure with the current generation of germanium detectors
are just sufficient to detect the reported line features.
The increased exposure available, with long duration
balloon flights and satellites improves their capabilities
significantly as can be seen in the Table. However. we
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Table 2
ESTIMATED *NSITIYITIES TO GALACTIC X-RAY LINES
x 1073 en-Zs~lpaph
EXPERIMENT 0.5 NeV 0.9 MeV 1.2-2 MgV 4,5 MV
1. DOUBLE COMPTON TELESCOPE ( 7 HRS)
A) RIVERSIDE - - - 0.4
(HERZO ET AL, 1975
B) MuttiCH - - - 0.1
(SCHONFELDZR, PRIVATE COMM.)
2. HEAO-A SCIHTILLATOR (2 ONTHS) 0.04 0.03 0.09 0.03
(MATTESON ET AL. 197%)
3, SHIELDED GE(LD)
A) BALLOCH - 7 HRS 1.0 2.0 - 2. =
(JACOBSGH ET AL. 1975)
B) HEAO-C 0.92 0.05 - 0.15
(KICKS AxD JACOBSON 1974)
GBSERVED IWTENSITY 3,5:1.0 1.6:1.4 11,5:2.6 4,2:1.2

(HAYMES ET AL. 1975)

Mk

must remember that these sensitivities are estimated

under the assumption that the intrinsic line width of the
radiation is less than the detector's resolution (~2.5 keV).
This is not the case with many of the lines (e.g., Doppler
broadening of the 4.43 MeV !2C line is expected to be

~80 keV).
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VERY HIGH ENERGY GAMMA RAY ASTRONOMY

Jonathan E. Grindlay

Center For Astroplysics, Harvard and Smithsonian Observatories

Cambridge, Massachusetts 02138
ABSTRACT

Recent results in ground based very high energy (> 10ll eV)
gamma ray astronomy are reviewed. The various modes of
the atmospheric Cerenkov technique are described, and the
importance of cosmic ray l]fzej ection methods is stressed. The
positive detections (at 210™ eV) of the Crab pulsar that
suggest a very flat spectrum and time-variable pulse phase
are discussed. Observeations of other pulsars (particularly
Vela) suggest these features may be general. ]ﬁridence that

a 4.8 hr modulated effect was detected at E»> 10™° eV from
Cyg X-3 is strengthened in that the exact period originally
proposed agrees well with a recent determination of the X-ray
period. The southern sky observations are reviewed,and the
significance of the detection of an active galaxy (NGC 5128)

is considered for source models and future observations.
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VERY HIGH ENERGY GAMMA RAY ASTRONOMY
J. E. GRINDLAY

Center for Astrophysics
Harvard College Observatory and Smithsoniai: Astrophysizal Observatory

1. INTRODUCTION

Gamma ray astronomy at very high energies (3 1011 eV) was last reviewed
by Fazio (1973). Accordingly, the present review will be confined largely to resuits
reported since this time. These results have been particularly exciting in that the
first sourcesof very high energy gamma rays have now been detected by several
groups using different techniques.

The spectrum of observable electromagnetic radiation from cosmic sources
outside the solar system now extends all the way through photon energies of 3 1012 eV,
This is some 3 orders of magnitude above the gamma ray energies accessible to
current satellite detectors. Thus, for a source like the Crab pulsar NP 0532, th»
integral photon flux is more than 3 orders of magnitude lower and detection systems
with extremely large area-time factors are required. In fact, for NP 0532 the pulsed
flux we shall summarize is only about 1 photon/hour if it were recorded by a detector
measurlné 100 m by 100 m square! Such incredibly low flu..es at these highest

energies are possible to detect with systems that detect the extensive air showers

(EAS) that are produced in the earth's atmospl{qre by single primary gamma rays

11

with energies > 108 eV. For primary energies’ 310" eV, there are encugh (-~ 300)
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electrons in the shower with energies above the threshold for Cerenkov ri *~cion
in the atmosphere that the EAS initiated by a single gamma ray may be detected
entirely by optical techniques (Jclley 1958). The disk of optical Cerenkov photons
(~ 150 m radius, ~ 2 m thickness) produced in such a shower is sufficiently dense
(~ 5 photons/ mz) that it may be detected as a ~10 nsec light flash with a photo-
multiplier at the focus of a large optical light cuiiector such as the 10 m reflector
at Mt. Hopkins Observatory.

The atmospheric Cerenkov technique has been further developed recently
by several groups seeking to improve the sensitivity of the early searches for very
high energy gamma ray sources. We shail “riefly review these experiments
and the recent modifications of the Cerenkov technique. These experiments have
finally yielded rather convincing evidence for the detection of at least two gamma
ray sources above 1012ev. m reviewing these restults, it will be clear that the
astrophysical implications of these very high energy gamma ray sources for models
of several classes of object are already quite profound. It is especially interesting,
for example, that one of these sources is an active radio galaxy (Cen A). If
nuclet of active galaxies are generally very high energy gamma ray sources, then
perhaps QSO 3 will be detectable with further increases in sencitivity. Detection
of quasars in turn would permit testing the cosmological interpretation of QSO red
shifts since objects more distant than 3C273 (z = 0.16) could be attenuated by (y - v)
pair production of the gamma rays on the optical photon background. Alternativcly,

it should be pointed out that ..'nce the (~ 1012 eV) gamma ray mean free path for
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attenuation by cither -, or y-p interactions is so long, c: .cntially all objects

but the most distant quasars arc potentially observable.

1I. Cbservational Techniques

The simplest type of Cerenkov receiver, consisting of one or more (in
coincidence) optical reflectors pointed direct”. at a suspectied source, has been
used in most of the searches for very high energy gamma rays (e.g., Chudakov
et al, 1965, Long et al. 1965, Fazio et al. 1968, Weekes et al. 1972, Porter et al,
1974, Stepanian et al, 1975, and Erickson et al. 1976). These "single beam"
detectors were pointed directly at the suspected sources, since the optical Cerenkov
radiation expected in the gamma ray-initiated EAS (y - EAS) is calculated to be
(Rieke 1969) collimated about the primary direction to within ~1°. In actual fact,
most of the searches mentioned above employed the drift scan technique where the
detectors were pointed such that the earth’s rotation caused the object to transit
through the (typically ~ 1°) detector field of view. In many of the ~bservations of
Weekes et al. (1972), as well as others we shali describe below, the candidate
source (as well as background) was tracked f>r maximum exposure. In none of
these observations was there active rejection of the background of cosmic ray-
initiated EAS (p- EAS); gamma rays from the source direction were sought as an
increase in the total detectec rate,

The absolute sensitivity of these various experiment: is bagsed on calculations
of the Cerenkov light pool expected for 4 -EAS. However, even the most complete

celculations of the electromagnetic cascade and light distributions (Ricke 1969)
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including as well as the cffects of the geomagnetic field (Weekes and Rieke 1974) are
uncertain tc within a factor of ~ 2. Since the results are quite strongly dependent
on the exact detector configuration (i. c. atmospheric depth, ficld of view, ctc.)it is
similarly difficult to make relative comparisons of the sensitivity of the various
systems. In general, since the detector is operated at a threshoid such thau the
background is entirely due to the flux Fp'v K Ep—]' 6 of cosmic rays (p-EAS) above
energy threshold Eo ~ Ep, the detectability of a gamma ray flux or S/N will vary as
~ E_a/\ﬁ‘_p ~ E* +0.8 wherea is the integral spectral index of the gamma ray
source. Thus, for o> 0.8 the maximum sensitivity should be possible for the lowest
gamma ray energy thresholds or the largest optical collector area (directly propor-
tional to Eo). This was, of course, the philosopbv behind the single 10 m. reflector
at Mt. Hopkins with Eo'\' 1 x 10" eV. It is interesting, however, that th_ sources
detected so far have turned out Lo (probably) have flat spectra with o < 9. 8 and thus
maximum . ..cctability at the highest energies in the 10“ - 1013 eV range. Apart
from the 10 m. reflector results (Weekes et al. 1972), the energy threshold for all
the other single beam searches mentioned above was ~ 1012 eV. The effective collection
area in all cases was~ 2 x 108 cmz. In addition to the several uncertainties mentioned,
the actual values of these parameters are also strongly dependent on zenith ang'e,
sky brightness and atmospheric transparancy.

When the first single beam observations (e.g. Chudakov et al. (1965) Fazio et al.
1968) yielded gamma ray upper limits o/ ¢1% of the detected cosmic ray flux (typically
~ 10 - 100 min'l), it became clear that some deg.ee »* ' -<i.round rejection was
needed. O Mongain et al. (1968) attempted to select - i.»S by using a fast (~ 3 nse?)

coincidence system to favor dr*ection of Cerenkov light {rom the first few interact:an

lengths of the shower, since the - EAS develop fuster than p-EAS. The light from
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this portion of the shower is "focussed' (due to increasing index of refraction) in
an annulus of radius ~ 120 m and duration < 3nsec. Although this techn que prefer-
entially selects -EAS, aad in fact pesitive effects were reported (e.g. O'Mongain
et al. 1968, Tennings et al. 1974), the background p-EAS were still not actively rejected.
Apart from the ""fast annulus" mentioned, ~EAS are expecteu (Zatsepin and Cerenkov
1962) to have a flatter lateral photon distribution than p-EAS, which will be more
strongly peaked at the core. Tornabene (1976) has set up ar. array o. Cerenkov
detectors and by multi-coincidence fast timing (Tornabene and Cusimano 1968), the
EAS core location, arrival direction and Cerenkov front curvature may be determined
as well as the photon lateral distribution. EAS with peaked distributions »t the core
may thus be rejected from the analysis for gamma ray events. This "multiple beam"
technique has the advantage that the individual detectors may have large (~ 50) fields
of view and a source may be "tracked' with a series of drift scans. It suffers, however,
from the systematic difficulty that in a single EAS the lateral distribution can be quite
different from the average Jue to the effects of fluctuations (i. e. the Cerenkov disk
can be ""spotty') and thus the core density and location are uncertain. Nevertheless,
this technique is among the most promising and positive results have been obtained
which we shall describe below.

Other multiple beam techniques have been described by Grindlay et al. (1974,
1976), These have employed multiple photomultiplier detectors at the focus of the
Mt. Hopkins 10 m reflector. Since the angular distribution of \~EAS (especially) will
be broadened by geomagnetic effects, a class of EAS were selected by a 3-fold coin-
cidence of a 1° triangle of phoiotubes. Another configuration of 6 phototubes surrounding
a central detector (all with ~ 1° beams) on the reflector optical axis was used to isolate

a class of roughly circular shower spots by an anti-coincidence of the center with the
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surrounding channels. Cosmic ray showers would generally be incident off-axis and
produce eclongated Cerenkov images. This technique was not as sensitive as the first,
however, since the cffective detection area must be smaller since gamma rays must
be incident within ~ 50 m of the reflector for their Cerenkov image to appcar circular
(within ~ 19),
We conclude our discussion of Cerenkov detection techniques with the so-called
"double beam' technique for actively rejecting p~-EAS (Grindlay 1971a, 1972; Grindlay
et al. 1976 and references therein). This method embodies several of the distinguishing
features of y~EAS already mentioned ~ the fast timing and relatively broad vs. peaked
lateral distributions. However, the main feature (originally suggested by experiment
(Grindlay 1971b)) is the detection of the punetrating cores in p- EAS by identifying structure
in the angular distribution:of the Cerenkov light., The angular structure shows up as ~
follows. Whereas the peak detection of background Cerenkov flashes by two reflectors
(with ~ 1° beams) separated by, say, ~ 70 m occurs when the reflectors are inclined
towards each other by ~ 0.30, an enhanced (over the optical beam response) rate is
observed as the angle is increased,but not decreased. Furthermore, this relative
increase is greatest in the ultraviolet, suggesting the radiating particles are comparatively ¢
close to the detcctor and the 1/)\2 Cerenkov spectrum suffers less atmospheric absorption
than at the primary peak of the angular distribution. The natural interpretation of these
data was (Grindlay 1971a) that the primary peak was due to the large number of electrons
at the p-EAS maximum and the UV component due to penetrating particles, primarily

muons, on axis near the core and detected at the characteristic Cerenkov opening angle

ST w @ L et o redn onen

of ~ 1°. This hypothesis was supported by detailed Montf? Carlo calculations of p-EAS
(proton through iron primaries) and the Cerenkov production of the penetrating particles.

The calculated angular distribution shown in Figure 1 (Grindlay 1974) agrees well with
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the observations. i
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Thus, p-EAS may be actively rejected by detection of the penctrating muon
cores which are not expected in the (nearly) pure clectromagnetic cascades of y-EAS.
This requires an array of at least 3 spaced Cerenkov detectors: two originally detect
the EAS at its maximum while the third, through an appropriately delayed coincidence,
searches for emission from the muon core. Such a system can he pointed at a suspected
source either in the drift scan mode (Grindlay 1972) or continuously tracking (Grindlay
et al. 1975a, 1976). The double beam technique is restricted to gamma ray energy
thresholds - 3 x 1011 eV (for sufficient muon numbers). In general, the other multiple
beam techniques mentioned are also restricted to threshold cnergies above the minimum
values because of the importance of fluctuations.

Finally, we note that all the coincidence techniques described hcre usually
employed random coincidence controls. A number of the single beam ohservations
(Fazio et al. 1968, Charman et al. 19569, Weekes et al. 1972) have also used servo
systems such that the phototube current or pulse rate remained constant as sky brightness
changed. While this introduces additional noise, it is essential for non-coincidence

experiments (e.g. Weekes et al. 1972).

III. Observational Results

A. Crab Nebula and Pulsar NP0532

We begin with the Crab in our discussion of results since this object has been
observed by all groups and the pulsar NP0532 has now been detected in several of these
observations. Since the review by Fazio (1973), the principal results on the Crab have
been obtained at Mt. Hopkins by the SAO group using the multibeam and double beam
t:ﬁ};ﬁi{ “ﬁféﬁé‘ﬁiﬁ"iﬁ g(ﬁa!}fﬂthgm ; 'E‘Iegéﬂ‘lémn ?l: ai.uhllsa%). These observations were
all conducted withxa ren ote 1.5m reflector (double beam). All observations were done
in a tracking mode on NP0532 in an effort to observe a pulsed flux; background was not
measured off source to determine a steady flux. The final wesults have been described
by Grindlay et al. (1976) and only a summary will be given here. In Figure 2 the
phase histograms of selected Y EAS show the Crab pulsations at about the 5¢ level, The
phase of each EAS arrival time (recorded within 100 usec of absolute U. T.) was com-
puted by interpolation between phases calculated for the ontical pulse every 30 min. The
accuracy of both the data recording and analysis systems was repeatedly verified by
recording the optical pulsations of NP0532 with the 1.5m Tillinghast Teclescope at Mt.

Hopkins (adjacent to the 10m reflector) and the gamma ray data recording system. The
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optical phasc histogram is also given in Figure 2 (lower section) and the predicted vs.
observed phases of both the main and secondary pulses are in close agreement.
The most striking feature of these results is that the gamma ray pulsations at
Eo s 8 x 101! ¢V are time variable. In December 1973, the pulsar was dectected at
~ 5¢ by the double beam observations (Figurc 2, middle) in~ 24 hours of exposurc on
5 nights. The phase of the pulsations is about 6 msec after the main pulse phase, and
in a region of the light curve that is increasingly '"filled in' with increasing photon
energy. Pulse features at this phase have also been detected occasionally at radio and
X-ray energies (see Grindlay et al. 1976 for refs.). In January 1974, however, the
pulsations were detected (v 3o confidence lev 1) again in just a single peak but at a
phase ~ 2 msec before the phase of the optica secondary pulse. The effect was present
only in the highest pulse height data or for E0 > 1012 eV, whereas the double beam
pulses were evident over the entire (factor of - 10) pulse height range above the threshold
~ 8 x 1011 ev. Thus, these results provide strong evidence for a very flat spectral
component (consistent with F (> E) ~ A E©) of the NP0532 spectrum at the highest energies
that is almost certainly not (by virtue of its shape and time variability) an extrapolation
of the ""low energy' spectrum through ~ 100 meV. We return to further discussion of
this spectrum below.
These SAO results have been supported by several other groups, Jennings et al.
(1974) reported a~ 3o pulsed effect at > 1012 eV that was peculiar in that two peaks
(with the ~ 13 msec separation of the optical pulses) were detected at a phase~ 14 msec
before the optical phase. It should be noted that these observations were all conducted
after the major Crab glitch of September 1969. In January 1972, Porter et al. (1974)
reported a ~4o pulsed effect (E, > 5 x 1012 eV) at the phase of the optical secondary
pulsc. The ‘ect appeared to be variable on time scales of several days and was in
fact only “ctected on the first 2 of 3 nights in January and not in February 1972. The
observations were conducted with a coincidence wide-angle single beam Cerenkov
s> stem at Mt. Hopkins, and it is interesting to note that the phase is in good agreement
with the double beam observations (Grindlay 1972 and Grindlay et al. 1976) obtained
in November - December 1971, It is also interesting to note that these observations all
were withir several months of 2 minor glitch of the pulsar in early October 1971.
in December 1973, on some of the very same nights (e.g. 3 December)as the
M. Hopkins observations,Tornabene (1976) was recording on the Crab with his multi-
detector Cerenkov system for locating EAS cores and lateral distributions as described
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above. Whilc his analysis is still incomplete, he reports that he has detected a rela-
tively strong cffect from NP0532 at encrgics 3 1012 - 1013 ov, Prcliminary phase
analysis of the - EAS cvents indicates the cffect may be entirely pulsed at cither the

~ 6 msec delayed interpulse or near the optical pulsc phases as in Figure 2. This is

a very important result (and final analysis is awaited) and obtained with a very diffcrent
technique which would provide additional confirmation of the very high cnergy pulsed
flux from NP0532 as well as its variability.

Finally, in February and March 1975, Erickson et al. (1976) have also recently
found evidence for the detection of NP0532 at E 3 1013 ev. They used a coincidence
single beam system in which two multi-mirror reflectors were co-aligned on the Crah
in a tracking mode. Events were defined by requiring the equivalent of 4-fold (out of 16)
coincidences, but no active cosmic ray rejection was available in *he analysis. A phase
analysis of the detected events on 5 nights yielded ~ 3v peaks either just before the optical
secondary pulse (March 15) or at ~ 5 msec after the optical main pulse (March 14 and 17).
No pulsations were detected on either February 10 or March 4, which were shortly after
another major Crab period glitch on February 4, 1975 (Lohsen 1975).

We have plotted many of these Cerenkov results in the spectral plot of Figure 3,
which also shows the extrapolation of the NP 0532 spectrum through~ 1 GeV (McBreen
et al. 1973). The result of Tornabene is not yet final and therefore not shown; we
estimate it would be near the point F on the plot. While probably only the double beam
results and the wide angle results of Porter et al. (1974 (and possible Tornabene's
results) are statistically very significant, all of the results taken togethgr present an
unquestionable detection of NP0532 at energies s 1012 eV, If this detection is accepted
(as the many independent obs ervations require), it is also very likely that the pulsar
spectrum at these energies is either flat or conceivably even has a positive slope ()
above 1011 ev, It is also necessary to accept the fact that this spectral component of
the pulsar is time variable in both amplitude and phase.

There is evidence, of course, for changes in the pulsar emission that may
directly relate to this high energy gamma ray variability. The possible association of
detection at the several phases with glitches has been mentioned above. The detections
of December 1973 followed a periodyenhanced (on a broad decline) radio emission
(Rankin et al. 1974). This possible association of detectable pulsations and general
pulsar variability suggests that the enhanced position effects reported by Fazio et al.
(1972) following the 1969 September and 1971 August and October glitches could in fact
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have been pulsed with variable phase. However for this not to have been evident in the
pulsation analysis, thc phase variability must be on a time scale of several days such
that pulsations werc smoothed out in the less-sensitive single heam data. Althovgh
time scales of days are in fact indicated for the phase variations described above, the
apparently flat pulsed spectrum would tend to argue against a largely pulsed origin for
the short-term enhancement at ~ 101! ev. In any case, these lowest energy Cerenkov
results are significant mostly for limiting the minimum value of the average magnutic
field in the Crab nebula to By 5 5 x 10~4 gauss. This value was recently calculated by
the author using the Compton-synchrotron model of Grindlay and Hoffman (1971) and the
most recent X-ray data summarized by Wolfe and Novick (1976), who also derived an
upper limit of By <8 x 10-4 gauss from the variation of X-ray size. Thus the high energy
gamma ray observations of extended objects like the Crab nebula (in ‘vhich Compton-
synchrotron processes may occur) can limit or establish the source magnetic fields.

In the Crab, the best value appears to be~ 6 x 10~4 gauss, or near the equipartition

value.

B. Results of Northern Sky Observations

We have emphasized the Crab results since these are the most significant detections
of the northern sky observations. A large number of other candidate sources have also
been observed, although for none has the exposure been more than a fraction of that on
the Crab. Results on a list of 27 objects, primarily supernova remnants, radio galaxies
and quasars, have been reported by Weekes et al, (1972), Most of these were surveyed
with the drift scan technique though several were trackec with the 10m reflector. All
observations were done with the single beam technique, und no significant pozitive effects
were found. Although useful limits on magnetic fields were obtained for several in
addition to the Crab.

A total of 41 objects have been observed by the group at the Crimean Observatory
(Stepanian et al. 1975) using a drift scan technique. While these observations were
"single beam" in that no cosmic ray rejection was employed and the detectors were
pointed directly at the position through which the source would transit, two separate

- 2-fold coincidence detectors (1. 51 reflectors) were used. These were offset in right

ascension by 2. 5° so that the candidate source would transit through the two systems
sequentially, thus allowing a check on sky transparency independent of sky brightness
or source contributions. These authors have derived the actual distribution of rate
fluctuations and found the data are well described (within a few percent) by normal sta-
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tistics near the zenith, Such checks are especially important for all Cerenkov
observations in which source and background are compared. In general, coin-
cidence experiments - even withoug servoing the phototube singles rate or
current on sky brightness - give experimental fluctuations within a few per-
cent of Poisson values (c. f. also discussion of southern sky results below and
Grindlay et al. (1975a)) whercas single channel systems (e.g. Weekes et al.
1972) yieldqexp/g =~ 1, 15.

theor

. 12
Three possible sources (5 30) at E > 2x10

eV are reported by

the Crimean group. These are unidentified regions near « = os5h 15m,

6§ =+1° and o= 011 11M 5 = +62°, The first of these may be associated with
a source at ~ 100 meV reported by Frye (1973). The second of these,
which the authors claim to be time variable as it was?:detected by Mt. Hopkins
observations (Weekes 1973) beuw cen two periods of possible detection.
Clearly further observations are needed. The third source reported is Cyg
X-3, an X-ray source with a 4. 8 hour period that has been detected up to
hard X-ray energies (Pietsch et al. 1976). The drift scans in 1972-1973 on
this object yielded ~ 3. 50 evidence for emission from Cyg X-3 at the X-ray
phases 0.3 and 0.9. The sum of several drift scans obtained at these phases
is shown in Figure 4. These data are from justAgne of the two offset (in r.a.)
detector systems which was at the lowest energy threshold. No effect was
seen in the other system at a factor of ~2 higher energy, suggesting that if
the source was actually detected, its spectrum (unlike the Crab) must be very
steep (with integral spectral index > 3.2). This would imply detection at the
high energy cutoif of the spectrum. Unfortunately, Stapanian et al. (1975)do
not give an estimate of the flux to which the effect in Figure 4 corresponds

so comparison with other measurements is difficult. It is curious, though,
that the detection of Cyg X-3 claimed by the same group (Vladimirsky et al.
1973) at the time of the 1972 September radio outburst was also only detected
in the low energy system and yet the flux (given as 2 x 10~ 10 photons/ cmzsec)
is significantly above an extrapolation of the X-ray spectrum. Apparently
during the outbursts at least a two component spectrum is required. Tracking
observations of Cyg X-3, with fields of view increased to 2°, were conducted
from July - November 1974 (Vladimirsky et al. 197b). In August (ounly) a
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significant effect (v 4.49) was dctected, which was primarily at phasc 0. 35
of the 4. 8 hour period. It is especially interesting that the authors find the
phase of the 1972-1973 effect would agree with that for 1974 if a period
0. 199682 days is used since that is very close fo the current best deter-
mination (Parsignault et al. 1976) of the X-ray period. This object deserves
much further study by other Cercnkov detection groups as well, since there is
now (this conference) evidence that Cyg X-3 has been detected at ~ 100 meV.
A systematic sky survey of a large area of sky is needed to search for
previously unsuspected sources of very high energy gamma rays. Such a
program was described by Weckes et al. (1975),and a survey of the entire sky
north of declination 0° is in progress. A large fraction has now been covered,
with some areas scanned several times, Unfortunately, data analysis is just
beginning and results are not yet available. One important addition to the
system described by Weekes et al. (1975) was made: a double beam system
has been included. Two 1.5m reflectors at 188m separation from the 10m
reflector were operated in 2-fold coincidence with 2 pairs of detectors at
the focus of the 10m reflector. The reflectors were pointed towards each
other such that EAS were originally detected at their electron maxima.
Then, as’in all the double beam observations, a third reflector (in this case
located near the center of the basecline) was operated in coincidence with each
of the original 2-fold coincidence outputs. This channel, biased to detect
the penetrating minor component in the UV, then provided the cosmic ray
rejection with an efficiency of ~ 70%. In addition to completing the planned

survey, a number of observations of the Cyg X-3 region will be conducted.

C. Results of Southern Sky Observations

Since the center of the Galaxy passes direcily overhead at Southern
latitudes (—30°), ground--based Cerenkov observations of the galactic center
source region identified at ~ 100 MeV (e.g. Fichtel et al. 1975) are particu-
larly attractive, An opportunity to conduct such observations, as well as of
a number of other potential very high energy sourcco i e fiast time,
became available in 1972, A group at the University of Sydney, Australia

99

S1 L e v e " Bom A

r-

TRl NG . TIPS

N
- 2

“,



— -
v

had conducted Cerenkov observations (including an upper limit on the Crab
steady flux) in 1968 using the two 7m aperture optical reflectors of the stellar
intensity interfcrometer at Narrabri NSW (llanbury Brown ct al. 1969). A
collaborative observation program hetween this group and SAO was arranged
in 1971 since it was recognized that the computer-controlled Narrabri re-
flectors were ideally suited for tracking-mode double beam ohservations.

The reflectors and data recording system were thus converted to accomodate
the double beam observations and a program of observations of 11 candidate
sources was carried out in April - July 1972, April -~ June 1973 and March -
April 1974. A complete description of this program and the results has been
given by Grindlay et al. (1975b) and we shall give only a brief summary here.

All the observations were conducted with the reflectors separated by
120m and tracking the source under computer control while maintaining the
double beani pointing geometry as shown in Figure 5. The rejection effi-
ciency against p- EAS achieved by the off-axis photomultipliers was ~ 60% and
the total EAS detection rate was ~ 1 sec -1, Candidate source objects were
tracked in between observations of ~ half the duration in which comparison
sky regions & 2° in r.a. to either side of the source) were tracked over the
identical ranges of track and elevation angle as the source. The comparison
regions were selected for identical sky brightness and hence singles rate as
the source so no servo of photomultiplier voltages was required.

No significant effects were detected from the galactic center or from
possible point sources reported at ~ 100 MeV (Frye et al. 1971). The upper
limit for emission from within ~ 1° of the galactic center was F (> 3 x 101en
< 8x10-11 photons em~2 gec1 and is a factor of ~ 3 above an extrapolation
of a r0 gpectrum from the ~ 100 MeV results, This result also requires
that any flat inverse Compton component of the galactic center (or plane) flux
not extend to > 1011 eV without a break in the spectrum, Interesting results
were obtained on the three pulsars observed. Al showed a "steady source"
excess of > 2¢ above background, with MP1451-68 actually ~ 30 positive.
However upon analyzing the data for pulsations at the predicted periods and
summing all the data in phase, only the Vela pulsar yielded evidence for
pulsed emission, and this only in 1972, A ~ 4¢ (single) peak was evident in
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the .¢ ata at a phase within 3 msec Fefor - - ({de-dispersed) radio pulse
phuse (‘irindlay et al 1975b), This sine:. . 2K contrasts with the double
peakedd ;alse structure found at ~ "4 11V« i'hompson et a2l. 1975y though

it is similar o e Crab peis~r1« " . comparable energics (Figure 2).
Thus it is striking that just as thi. i and Vela pulsars show almost
identical double pulsed light cur »: at ~ 100 MeV, t' :y may also be very
similar (single pulse) at very hi,u energies. Since a very much smaller
effect, and only at thc highest (:erenkov pulse beights (or primary energies),
was detected in the 1973 observations, the Vela spectrum may be like the
Crab pulsar also in being very flat and time variable. Unfortunately, the
single 40 detection (1972) of Vela renders these results much less certain
statistically than for the Crab. However one may speculate that if pulsars
produce very high energy gamma ray sources with variable phase, then per-
haps the ""steady" effects on MP1451-68 (and, though only ~ 25, also on
PSR1749-28) are actually pulsed with phase variations occurring within a
few days.

The final result we shall summarize was obtained on the radio gal-
axy Cen A (NGC5128). This is the closest (- 5 mpc) of 3 active galaxies
(including the QSO 3C273) observed and is especially interesting for its com-
pact source structure in the nucleus detected through hard X-ray energies. '
The source was detected at 2-3¢ in each of the 3 observing periods for a total
detection at the ~ 4.6¢ level of an average flux

F & 3 x 10! ev) ~ 4.4 x 1011 photons cm™2 sec™?

Complete details are given by Grindlay et al, (19753). About half of the data
were recorded with pulse height (spectral) information, and the spectrum of
the observed gamma ray flux is consistent with a spectrum that is flatter
than the background cosmic ray spectrum up to a break at ~ 3 x 1012 ev,
Such a spectrum and indeed the cntire detected flux can be understood in
terms of a Compton-synchrotron model of the nucleus of NGC5128

(Grindlay 1975) where the ~ 1012 gv gamma rays are produced by inverse

Compton scattering of an X-ray synchrotron electron spectrum (through clectron enwahs

~ 1013 eV) on the optical - X~-ray asynchrotron photons. The synchrotron
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spectra were calcuvlated assuming the compact sources are self-absorbed in

the radio regime. The very high energy gamma ray flux tuen provides the
additional constraint nccessary to solve for both the source angular diameter
and magnetic field. The complete source spectrum model requires a two
componert source whose diameters are then calculated to be ~ . 01 pc and

0.2 pc and magnetic fields ~ 2 gauss and ~ . 01 gauss, respectively. The high
energy gamma rays are produced in the larger compoinent, which may be a

cosmic ray source surrounding the smaller source in the nucleus of NGC5128.

1v. Conclusion

After a long beginnirg it now seems that ground-based gamma ray
astronomy has begun to yicld positive results o1 great astrophysical interest.
The early upper limits on steady emission from objects such as the Crab
nebula were themselves of fundamental importance for establishing limits
to pion production aud the necessity of continuing acceleration of electrons
(Cludakov et al. 1965) and for important limits on the magnetic field
(Weekes et al. 1972) in the Crab, Now with solid evidence for pulsed emission
from NP0532 at » 1012 ev that is variable in phase, pulsar emission and
particle acceleration theories are additionally constrained. Consideration of
these theories suggests, for example, (Grindlay et al. 1976) that the very
high energy pulsed spectrum may arise from bremsstrahlung of a cosmic ray
beam (accelerated off the neutren star) as it traverses reiatively dense
matter accumulated at the ""force balance' radius (Roterts and Sturrock
1973) relatively far from the star (theret; also escaping pair conversion in
the magnetic field). The possible asscociation of NP0532 emission (at > 1011
eV) and pulsar glitch activity might then be understood,situce glitches may
arise when matter from this force balance shell is released into the nebula.

The results obtained by the Crimean group, particularly on Cyg X-3,
aro of great interest. If the Cyg X-3 variable emission, primarily at X-ray
phase ~ 0.3, can be confirmed,it is of major significance for thoories of
this very unusual X-ray source. None of the currently proposed theories for
this object would directly predict 1012 ev gamma rays. A gamma rgy flux
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could arise from (presumably by inverse Compton or bremsstrahlung processes)
production of - 1012 ¢V cosmic rays in this type of source. ‘The evidence for
the reality of the periodic 1012 ¢V cmission from Cyg X-3 reported by
Vladimirsky et al. (1975) is greatly strengthenced by the fact that the trial
best-fit period they proposed (Oq 199682) now turns out Lo be the best-{it
X-ray period (Parsignault et al. 1976,

The most important result of the southern sky observations is, of
course, the detection of - 1011 ¢V gamma rays from the first extragalactic
souice, Cen A. This result and the model (Grindlay 1975) which accounts
for the {lux and entire NGC5128 spectrvm by inverse Compton scattering in
compact synchrotron sources in the nucleus, provides new insight into the
physics of active galuxies. The results suggest other objects of this type
may also be detected. The other key results of the Australian observations
were the possible detection of pilsed emission from the Vela pulsar
PSR0833-45 with pulse profile and variability similar to that of the Crab
pulsar,and the lack of detectable emission from the galactic center or gal-
actic plane.

It is useful to summarize the major conclusions reached by very high
energy gamma ray astronomy to date:

1) Gamma ray sources above 1011 eV appear to be point sources or
compact objects which may be usually time variable and are accelerating
cosmic rays, The physical conditions (i. e. magnetic fields, energy uensilies,
etc.) in these objects are revealed by the very high energy gamma ray fluxes
or upper limits.

2) Pulsars, at least the Crab and possibly Vela and others, produce
very high energy spectra of pulsed gamma rays that are variable in phase
and amplitudes. These spectra are almost certainly not an extrapclation of
the low encrgy pulsar spectrum and may arise from the primary particles
(rather than their cascades) accelerated by the pulsar.

3y All of the possible source fluxes reported are < 5% (usually < 1%)
of the background cosmic ray rate detccted. While the strongest classes of
sources may not yet have been detected, the high background problem and
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results to uate point out the necessity that future observations be double beam,

multihcam, or in some way actively reject the cosmic ray hackground.

The final point should be re-emphasized. Despite the very promising
progress achieved in ground-based gamma ray astronomy, a major increase
in sensitivity is needed. It is very likely that an extension of the double beam

technique to a multi-reflector EAS array could achieve this.
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RADIATION MECHANISMS AND MAGNETOSPHERIC STRUCTURE OF PULSARS*

P.A. Sturrock and K.B. Baker, Institute for Plasma Research,
Stanford Uriversity, Stanford, California 94305
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ABSTRACT

This article outlines the chain of thought which has led
to a model of pulsars now being investigated at Stanford,
Key early considerations were those which led to the
identification of pulsars with neutron stars and the
Goldreich-Julian model of pulsar magnetospheres. Another
important step was the recognition that, in a pulsar
magnetosphere, a high-energy gamma ray may annihilate

to produce an electron-positron pair., Arguments advanced
by Scargle an” acini suggest that pulsar magnetospheres
may contain large masses of plasma, a suggestion which
has important implications concerning the structure of
the magnetosphere.

Observational data seems to support a magnetosphere
model based on the Scargle-Pacini idea rather than the
Goldreich-Julian model. The cascade process resulting
from pair creation enables one to interpret the x-ray
emission from the Crab and Vela pulsars as synchrotron
radiation. On the other hand, the optical radiation
from the Crab pulsar is best understood as coherent
curvature radiation, Radio emission is interpreted

as curvature radiation produced by charge bunches

-moving along magnetic field lines, Certain tests of

this model are proposed.,

*Presented by P.A., Sturrock
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1. Introduction. I am very sorry that Franco Pacini could not be
here today to give this talk., Franco would no doubt have had much
to say about the origin of cosmic rays. By contrast, I have very
little to say on this topic, and I shall be concerned primarily with
the problem of the magnetospheric structure of pulsars and of
radiation mechanisms.

I think virtually all scientists now believe that pulsars are
rotating neutron stars, but in the early days there was a competing
hypothesis that they were pulsing white dwarfs, Some of you may be
curious to ask, '"What ever happened to white dwarfs?'". Table 1
will show you why white dwarfs were ousted in favor of neutron stars,

IS A PULSAR A NEUTRON STAR OR A WHITE DWARF?

PERIOD "N RANGE .03 SEC to 3.7 SEC
PERIOD STABLE TO 1 PART IN 10°
PERIOD INCREASES

. NO OPTICAL PHOTOSPHERIC RADIATION
TWO PULSARS IN SUPERNOVA REMNANTS

WKL <3
]
-

wvoFE W NN -
L]

TABLE 1

It is believed that white dwarfs could not vibrate as rapidly as .03
seconds. It is believed that white dwarfs would not have a stability
of the oscillation as good as one part in 109, If pulsars were
pulsing white dwarfs, we would expect their period to decrease
because stars become denser with age just as we all do. One would
expect to be able to observe the objects (or some of them) by their
photospheric emission. One would not expect to find pulsars in
supernova remnants if they were white dwarfs. Now, of course, one
fact will not destroy a theory or a theorist, but an array of five
facts as good as these will bring any theorist into line.

Once that argument was settled and it was accepted that pulsars
are neutron stars, the next question was where the radiation is
produced. There were, and perhaps still are, two schools of thought,
One school proposes that the radiation is produced at the light
cylinder., T. Gold was one of the first and published a paper in
1969 (Gold, 1969) developing the idea of streams of plasma flowing
out along field lines, (Figure 1.) When they get to the light
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FIGURE 1, Light-cylinder model for emission of
radio energy and relativistic gas. The neutron star
has a corntating magnetosphere reaching out to the
circle at which wr, the peripheral speed, is close to
the speed of light. Plasma emitted on the surface by
nonthermal processes will be accelerated to relativistic
speeds and flung out of the magnetosph:re (Gold, 1969).

cylinder where wr = ¢, they must be moving at the speed of light and
they will beam radiation in the forward direction. An improved
model was developed by Professor Smith, who is now the director of
the Royal Greenwich Observatory, in 1971 (Smith, 1971, 1973). How-
ever, I have not seen much published from this school in recent years.
Some of my colleagues feel that this particular question is now
settled: that radiation is not produced at the light cylinder, it
really is produced near the polai cap. This school of thought began
with two radio observers Radhakrishnan and Cooke (1969), who also
published in 1969. Their diagram in their first paper is shown in
Figure 2, It is assumed that radiation is produced at two cones at
the magnetic polar caps. So there are in fact two lighthouse beams
which swing around with te star. If aan observer is lucky, he may
be in the line of fire of one of these beams and see one pulse per
rotation. If he is extremely lucky, so that the rotation axis is
almost orthogonal to the magnetic axis, then he may see two pulses,
There are in fact a few pulsars which do show both the pulse and
what is called an "interpulse".
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Poth of one
Magnetic Pole

Unseen cone
of emission

Path of other
Mognetic Pole

ROTATIONAL  AXIS

FIGURE 2, The geometry of polar-cap model: Clo.e-up
view of neutron star with emission regions near the surface
at the magnetic poles. The dipole field lines give a
preferred direction to each part of the emission region
producing the linear sweep of polarization observed in a
radio puise (Radakrishnan and Cooke, 1969).

Also in 1969, a very important paper was publisned by Goldreich
and Julian (1969). (It is a rare theoretical paper which leads to
an editorial ir tne New York Times.) This paper outlined a model
for the structure of a pulsar magnetosphere. The authors showed that
the clectric fields produced by induction are so strong that there
must be plasma in the vicinity of the star drawn off by field
emission. They concluded that the magnetic field lines could be
closed only out to the iight cylinder and must be open beyond that
point, The piasma flow constitutes a '"pulsar wind", similar to

the solar wind.

2. Magnetospheric Structure. So here were two excellent ideas: that
of Radhakrishnan and Cooke and that of Goldreich and Julian, which
together led to a prediction. One could calculate the experted pulse
width of the beam produced at the polar cap of a pulsar anc compare
it with the observational data. However, when this is done, there

is no fit between the mean pulse-width expected for a given period
on the basis of that modz2l and what is actually observed (Figure 3).
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PISURE 3. Pulse width W versus period P distribution
of pulsars. The curves show the mean expected relationship
for the PCLC model (polar-cap radiation, lines opening at
the light cylinder) for the star masses indicated.

This seems to imply that one of the two ideas is incorrect. Either
radiation is not produced as proposed by Radhakrishnan and Cooke, or
the magnetosphere does not have the structure proposed by Goldreich
and Julian., I think the answer to that question comes by considerin;
the braking index of a pulsar. The torque exerted on a pulsar will,
we expect, vary as a power of the rotation frequency:

@--I%?“mn . (2.

We can in fact determine n from observational data if we know the
period, the derivative of the period and the second derivative of th:
period, which we do for the Crub:
n= Q% . (2.:
w

Goldreich and Julian made the definite prediction that n = 3. Data
for the Crab is still not certain, but it seems to be in the range
2.2 to 2.6 (Boynton et al., 1972).
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In any case, it seems that there is a clear-cut discrepancy
between prediction and observational data, suggesting that the idca
of Radhakrishnan and Cooke may be correct, but that of Goldreich and
Julian is somehow probably inc. rrect. Where did it go wrong? A
possible suggestion arose out of a paper published by Scargle and
Pacini (1971). Thev noted that the 1969 glitch of the Crab pulsar
was apparently associated both with the disturbance of a wisp in the
Crab nebula and with a change in the dispersion measure. They
proposed, therefore (contrary to most current thoughts), that a glitch
is a magnetospheric phenomenon involving an instability which itself
involves a large mass of plasma trapped in a gulsar magnetic field,
Their estimate was that mass must be about 1021 grams. Dave Roberts
and I looked into this possibility and we found that such a large
mass could probably not be contained in the pulsar magnetosphere.
Either gravitational force or centrifugal force would disruont the
equilibrium situation unless there was a singular situation with the
gas collecting at the "force-balance'" or '"corotation'" position where
gravitational and centrifugal forces just balance. Suppose that gas
were to be ejected into the magnetic field either by evaporation from
the star or by ionization of neutral gas being accreted by the star,
If a lot of gas collects and cools down at small radii, it will fall
to the surface. 1f, on the other hand, it collects at large radii,
it will pull open the field lines, the end result being that the
largest closed field line comes at the force-balance radius rather
than at the light cylinder.

We can express this radius (of the Y-type neutral point) in terms
of the mass of the star and the period of the star:

2 M
W Reg =35, (2.3)
Rrs

which leads to

10-2.9 M1/3 P2/3 . (2.4)

Rpp =
In the inner tegion, the magnetic field is approximately dipolar and
drops off as r~>, but once the field lines open up the field will
drop off as r~2. This change in the magnetospheric structure also
produces a change in the braking index (Roberts and Sturrock, 1972),
which we calculated to be n = 2,33, This value is in reasonable
agreement with the known data, The opening of the fiald lines at
RFp also means a larger polar cap, and hence a different dependence
of the pulse width on the period (Roberts and Sturrock, 1972):

4 = 10l°l y1/6 gl/2 213 2.5)

This expression involves the mass of the star, but for masses in the
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range .1 Mo to 1.4 Mo, there is a reasonable fit with the data
{(Figure 4). We note that different orientations of the spin axis
and magnetic axis can give rise to -2lues of the pulse period either
larger or smaller than the value given by equation 72.5).

E
g
2k
PCLC \
. L 1
?2 e -l 0 !

log P

FIGURE L. Pulse width W versus period P distribution
of pulsars. The curves repeat those of Figure 3, and also
show the mean expected relationship for the PCFB model
(polar-cap radiation, lines opening at the force-balance
radius) for the star masses indicated.

3. Radiation., Now I want to turn to the more important question:
Where and how is the radiation produced, and how intense is it? First
I would draw your attention to the fact that a wind such as the s»lar
wind will cause magnetic field lines to spiral in the ejuatorial
plane. A field pattern such as this has non-zero curl, so that there
must be currents flowing to maintain this field pattern. If these
currents are flowing along field lines, they must criginate in or
flow into the polar caps., For the simple case that the dipole axis
is parallel to tne spin axis, at each polar cap there will be an
inflow of current at the center and an outflow at the edges cr
vice-versa. If intense currents are leaving the polar caps, one
expects that electric fields somehow develop in that region to draw
off the currents. We can estimate the current and the charge density
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and hence estimate the voltage required: for the Crab pulsar, which
probably has a field strength of order 1012 gauss and has a rotation
period of about 23 ms, we find that the voltage must be of order 1016
volts, 1If any ions leave part of the polar :zap, they may accelerate
to that enormously high voltage, and 1f they escape into interstellar
space, they might contribute significantly to the cremic ray i.:casity,
On the other hand, electrons will radiate, because they are moving
alceng curved magnetic field lines and have a smaller ma. , and the
radiation reaction becomes so intense as to limit the electron energy
to about 10l4 volts, Hence if half the rotational power goes to
driving the ion flow and the other half goes to driv 'g the -~lectron
flow, almost all the power that goes into driving <le~trons will go
into an intense flux of gamma rays of energy about 1012 ev,

Our model has now advanced to the point that we have a structure
for the magnetosphere and we nave an elementary picture of where the
acceleration occurs. But what we now find is that we have produced
an intense source of very high energy gamma rays. Perhaps partici-
pauts in this conference may be happy about that, but radio astrono-
mers are really not satisfield because they assert that all pulsars
produce radio emission. 1n addition, one pulsar produ.es optical
emission, and perhaps two produce x-rays, whereas the only radiaticn
produced by the model at this stage is a flux of gamma rays,

The missing link (Sturrock, 19/1) is be'ieved to “e the follow-
ing: — If a high-energy gamma ray is moving transv - Ts: to in intense
magnetic field, it will annihilate to produce an eliectron-positron
pair. The gamma ray energies in the Crab, for example, are so
igh Aand the field strength is so high, that this annihilation will
occur extremely rapidly. When it occurs, there are two important
consequences, One is the production of secondary particles —
electrons and positrons — moving with non-zero pitch angles which
therefore will emit by the synchrotron process, This may give rise
to the optical or %-ray or gamma ray part of the spectrum. The
important point is that whereas we began with a stream of charge of
just one iign (electrons), we now have a stream with particles of
opposite sign — positrons., Some of these will tend tc move back
towards the surface of the star under the action of the electric field,
and this will create a two-stream situation which plasma physicists
know is potentisi] wunstable., 1f the instability should occur, it
will give rise to bunching of the charges, and it is precisely this
that one needs to give rise to radin emission because single particles
flowing along ¢ .rved field lines will give negligible radio emission,
but bunches of charge will give significant radio emission.

One may e.tima:e the gpectrum to be expected from this model

(Roberts et al., 1973). With quite a reasonable sssumption about the
degrec of bunching of the electron beam, onc can fit the radio data.
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The simplest estimate of the x-ray spectrum gives a v’l/z law, but
when one takes full account of the cascade process, this becomes
modified to a v-l law which is a better fit to the observed data. The
estimates are fairly sensitive to the mass of the star. However, an
important point is that the model does not allow gamma rays of energy
1212 ev to escape from the polar cap regions. Hence the observations
by Grindlay {1972) are hard to understand. Second, the emission 1is
self-absorbed at 2 or 3 keV energy, so that there is no way to explain
the optical emission on the basis of this model. 1In fact the optical
pulse shape has such a sharp cusp that it must be produced by particles
of energy 103 eV or more. This means the magnetic field strength

must be less than 10€ gauss if the radiation is being produced by the
synchrotron mechanism. But the field has this low a value only near
the light cylinder, The difficulty with assuming the radiation to be
produced near the light cylinder is again that the cusp is so sharp
that it would require emission in a very small region of the light
cylinder. I am not saying these requirements cannot be met, but
there is no current model that satisfactorily meets them.

One way cut of this difficulty was proposed by Steve Turk, a
student who worked with me who unfortunately died three years ago.
His suggestion is that each primary electron gives rise to a stream
of gamma rays, each gamma ray producing an electron-positron pair,
so that a string of secondary particles form near each primary
electron. A very small separation of these particles, due to a quite
small electric field, will mean that the electrons and positrons will
behave independently so that one can obtain coherent radiation in
this model even in the optical part of the spectrum. Hence we propose
that the optical radiation from the Crab mav be coherent curvature
radiation, The observational data yields a spectrum which peaks at
little less than 1015 Hz, at a luminosity of about 1018 ergs per Hz
per second., One can fit this data approximately with a star of mass
J.4 solar mass, which is also the mass indicated by the power budget
of the Crab nebula (Sturrock et al., 1975).

4, Discussion. To conclude, we shall review the properties which we
attribute to pair creaticn,

(a) We believe that pair creation explains the period-age distribu-
tion. The point is that as a star slows down, it eventually reaches

a period (for a given field strength and mass) for which pair

creation will no longer occur. In that case, we believe that bunching
will no longer occur so that there will no longer be radio emission
(Sturrock et al., 1976).

(b) We attribute the coherent RF radiation to pair creation, as
discussed earlier,
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"c¢) We believe that the optical radiation from the Crab is coherent
and is due essentially to pair creation process.

{d) We belicve thnt x-ray emission frow the Crab and the Vela pulsars
is due to pair creation. [I would add that, if the new observations
of radiation from 1747 and 1812 are correct, *'..s gamma-ray emission
(which is of fairly low energy) may be due to pair creation.]

{e) Based on analysis of the radio data, vhizn is not unambiguous,
there appears to be a large flux of low energy particles into the
Crab nebula, The current model does lead to a large particle flux
(mainly of positrons and electrons) into the nebula.

(£) The precursor of the Crab may be due to the possibility that
radio emission occurs not only where electrons leave the polar cap
(EPZ), but also where ions leave the polar cap (IPZ). The Crab is
the only pulsar spinning rapidly enough for pair creation to occur
in the IPZ, so it is the only pulsar for which this process would
occur, This interpretation suggests an explanation of the curious
fact that the Crab is the only pulsar with a precursor.

There are still some observations to be made that I think would
help to resolve some of the remaining outstanding equaticns. I think
it is most desirable to try to determine whether the optical and the
x-ray parts of the spectra of the Crab pulsar are continuous or
whether they are quite distinct., This can be determined by trying
to extend the optical spectrum into the UV or by trying to extend
the x-ray spectrum to lower energies. It also would be valuable
to try to determine the polarization of the x-ray emission from the
Crab pulsar because the model I am proposing suggests that the E-
vector of the x-ray emission should be orthogonal to the E-vector
for the optical emission. On the other hand, if they are both
produced by ‘the same process (say if they are both synchrotron
radiation), then they should both have electric vectors in the same
direction.
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GAMMA RAY PULSARS

H. Ugelman, S. Ayasli, and A. Hacinliyan
Middle East Technical University
Ankara, Turkey

ABSTRACT

Recent data from the high energy y-ray experiment have
revealed the existence of four pulsars emitting photons
above 35 MeV. An attempt is made to explain the y-ray
emission from these pulsars in terms of an electron-
photon cascade that develops in the magnetosphere of the
pulsar. Although there is very little material above

the surface of the pulsar, the very intense magnetic
fields (1012 gaurs) correspond to many radiation lengths
which cause electrons to emit photons via magnetic brems-
strahlung and these photons to pair produce. The cascade
develops until the mean photon energy drops below the
pair producition threshold which happens to be in the

y-ray range; at this stage the photons break out from
the source.
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1, Introduction. Initial results of the SAS-2 y-ray telescope have
shown that two of the outstanding y-ray sources in the galactic plane
survey were the pulsars PSR 0531421 (Crab) and PSR 0833-45 (Vela)
(Kniffen et al., 1974; Thompson et al., 1975)., Subsequently, a more
extensive search of the SAS-2 data for pulsed emission from some 75
more radio pulsars has yielded positive fluxes with chance occurrences

less than 10-4 for PSR 1747-46 and PSR 1818-04 (Ugelman et al., 1976).

Among these four y-ray emitting pulsars that cover an age span
of 103 to 106 years only the youngest one, Crab nebula pulsar, exhibits
emission in other parts of the electromagnetic spectrum, in addition to
the radio and gamma ray region. Thus, it appears that y-ray emission
around the 35 MeV region is a fundamental emission feature of pulsars.
In this paper we attempt to show that this feature is a consequence of
the co-existence of intense magnetic and electric fields that can pro-
duce energetic electrons near the pulsar surface.

Since y-rays in the energy range under discussion are commonly
considered to be the signature of high energy protons interacting with
the .ambient medium and producing 7° mesons which in turn decay into
7-rays, we may consider the applicability of this process to the
pulsars for the production of gamma rays. There are two strong objec-
tions to this alternate explanation. One is the fact that above the
sur face of the pulsar there is very little material to cause inter-
actions of the high energy protons that may be accelerated in the
electric fields near the surface. _The density of current producing
charges is estimated to be near 1013 cm” even for the fastest pulsars.
This magnitude of density integrated to the speed of light cylinder
only yields about 10 micrograms cm “_of material above the surface
which is of the order of 107" to 10”' jinteraction mean free paths for
protons, The second objection lies in the fact that even if sufficient
material was fournd for protons to interact, such as the surface of the

ggron star, the efficiency of the m° production process requires some
to ‘1040 protons s~ -1 o0 account for the y~-ray flux of an object
such as Crab nebula pulsar. This is about a factor of 10° larger than

the estimated primary elactron flux,

Turning bacl: to the material starved, electromagnetically rich
pulsar magnetosphere we can speculate on how one may get special
emphasis in the emission around gamma ray region. As an anology let
us consider observations of secondary y-rays below the earth's atmos-
phere. If we perform such an experiment we may notice a preference of
y-rays around the 10 to 100 MeV region. Although the details of the
interactiors are complex we can guess the reasons behind the energy
preference, Initially we start on top of the atmosphere with energetic
particles, The atmosphere is many interacting mean free paths thick to
the cosmic rays. The high energy protons quickly interact, producing
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mesons which then decay right away into electrons, positrons and y-rays
thereby starting an electromagnetic cascade. The electrons predomi-
nantly lose their energy by bremsstrahlung to photons of comparable
energy and create electrons with about half their energy; the electro-
magnetic cascade thus multiplies and grows., When the average eleciron
energy drops below 80 MeV the electrons predominantly start losing
their energy by ionization and at around 20 MeV the photons through
Compton process, At this stage the electron and photon components can
no longer sustain each other, the shower stops growing. Furthermore
around 10-50 MeV degion the photons have a minimum in their atsorption
curve which allows them to penetrate deeper into the atmosphere.

A similar situation exists in the pulsar magnetosphere with the
source and observer reversed. Energetic electrons accelerated near
the surface have to emerge out of the intense magnetic fields of the
magnetosphere. In doing so they create an electromagnetic shower, the
photons of which eventually break out of the surface. To understand
more about the shower let us review the electromagnetic processes that
take place in intense magnetic fields.

2, High Energy Electromagnetic Processes in Intense Magnetic Fields.
Typical parameters of electrons and magnetic fields in the astro-
physical setting put the encountered electromagnetic conversion
processes into the classical relativistic regime. However, the surface
fields of 1012 gauss of pulsars and electric fields that can yield
electrons with energies greater than 109 eV force us to treat this
phenomenon with the proper quantum electrodynamical considerations.
Following Erber (1966) we define the dimension less parameter T that
characterizes the transition probabilities.

()

where E is the energy of the clectron or the photon, B, is the per-

pendicular component of the field to the direction of the particle and
B,y 1s the natural quantum measure of the field strength:

B m2c3

13
cr = = 4.414 x 10 3auss (2)
e

The measure of the dominance region of the electromagnetic process is
also characterized by this parameter. For the case T << 1 we are in
the classical relativistic regime and for the T >> 1 region we are in
the quantum electrodynamic regime, In the T » 1 region we can have
pair production of photons which eventually disappears as T << 1,
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Furthermore, the pezk of the emitted photon spectrum for an electron
of energy E is given by:

e?mﬂx =E ( 2 + 3T )

For T >> 1, €, ~ E and for T << 1, €, ~ 3ET/2.

——

With some simplifying assumptions that will alter the high energy

portion of the spectrum, the magnetic bremsstrahlung spectral distri-
bution of an electron with energy E is given by:

1(E,¢, ,B) =f;2% (%i__)(% )1 - EZE> K(2() ()

where

[
"

3

Y A (5)
(E —e,)BT

and K's are the incomplete Bessel function integrals that also appear
in classical relativistic synchrotron radiation.,

We may notige that the intrirsic rate of magnetic bremsstrahlung

is measured by mc®/Y¢ which is of the order of 104 eV/cm, The total

energy loss rates integrated over the photon spectrum can be expressed

as (Erber, 1966):

de - 6.43 x 10" g(1) v en! (6)
X
.556 12/3 T > 1
g(r)= )
T2(1 -5,95T) T <<1

To get a feeling for this process we may notice than an electron of
energy E in the1?3>> 1 re ime will lose half of its energy in a dis-
tance of 0,11 E (ev)u-2/3 (gauss) cm, and in doing so it will
typically radiate one photon with half of its energy., The situation
is reminiscent of an energetic electron radiating bremsstrahlung
photons in the Coulomb field of the nucleus,

1f we examine pair production by energetic photons in magnetic
fields we again see the important effect of T parameter. The photon
attenuation coefficient o (T) can be expressed as:
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a(T) = i(%c)(:_:)wm | (8)

where T(7) can be approximated by:

0.76 T"1/3 Y>> 1

Tr)x T
0.46 exp [ - %—. Y << 1 (9)

The maxinum of g (V) occurs at T= 12, or 67 =12 mcchr/B

For a typical pulsar field of 102 gauss, this maximum corresponds to
270 MeV, At this energy the pulsar magnetosphere corresponds to some
10" radiation lengths of material, or the equivalent of 5x105 kilo-
meters of lead. Even though the attenuation length grows exponen-
tially as T decreases, the pulsar magnetosphere is so "thick' that
along the equatorial plane, it will cause all photons above a few MeV
to pair produce before emerging out. Near the poles this threshold
energy is increased by about a factor of csc 6 due to the reduction
of the perpendicular component of the magnetic field. thereby allowing
higher energy photons to emerge,

3. Production of Electromagnetic Cascades in Pulsar Magnetospheres.
Various authors have realized the importance of the above mentioned
electromagnetic processes in the pulsar magnetospheres and have invoked
them to produce coherent bunches of electrons and photons to explain
the microwave and optical radiation from these objects (Sturrock, 1971;
Ruderman and Sutherland, 1975; Sturrock et al., 1975).

In genergl the complicated relatiunship and geometry between the
rotation axis a, the magnetic field B and the resulting E field in a
pulsar differ extensively between diftferent models, 1In this paper we
ignore the details and assume that energetic electrons are produced
near the pulsar surface and try to estimate the subse juent radiation
produced by these electrons and the propagation of this radiation
through the pulsar magnetosphere. In particular we would like to trace
the outlines of the cascade shower process that will develop as the
energetic electrons radiate photons that in turn produce electron-
positron pairs.,

In the electromagnetic conversion processes discussed above the

relevant component of B for the radiaticn process is perpendicular to
the direction of motion, therefore it seems important to know what the
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E.B term is what accelerates the electrons. If electrons arc going
along field lines, they emit curvature radiation instead of magnetic
bremsstrahlung, However, even electrons accelerated in a typical
pulsar can lose their energy by curvature radiation to photons around
10” eV energy (Ruderman and Sutherland, 1975). These photons that
travel in straight lines subsequently encounter the perpendicular com~
tonent of B as they travel in the curved lines of force. Once they
pair produce, the electron-positron pair also feels this component of
B in their radiation process. Henceforth, in our discussion, as a
first approximation we shall ignore the geometry of the field lines
and assume that the comporent of B perpendicular to the direction of

motion is comparable to B, We can then perturb our general conclusions

for the polar region by decreasing the effective value of B.

Qualitatively we can describe the cascade in the folloying way:
An energetic electron inT >> 1 regime (E >> 20 MeV for H 10l gauss)

will lose half of its energy in a distance:

- -2/3 1/3

Ax = 10 [ B ) E ) cm (11)
1/2 17 —3
/ (10 10

Where B is in gauss and E is in ¢V, It loses this energy by typically
emitting one photon with energy E/2. The radiated photon, if still in
the pair production regime, will create an electron-positron pair with
each particle contaﬁping half of the photon's energy. For a photon of
107 eV energy in 10 gaugs field, the mean free path against pair
production is about 5x107° cm. Subsequently these electrons and posi-
trons will again radiate one-half their energy as a single photon and
so forth, When the mean energy of the electron drops down to a value
that corresponds to T ~ 1 (E ~ 22 MeV for B ~ 1012 gauss), it starts
losing its energy mostly by radiating photons of T ~ 0.6 which pair
produce electron-positrons withT ~ 0.3. The next generation of
photons has T around 0.1 and they can easily break out of the surface

even Ef this energy is greater than the pair production threshold of
2 M Co,
e

Effectively then the maximum of the shower occurs when the mean
energy of the electromagnetic component is degraded ¥ = 0.1 to 0.3
range, Since the photon component of the shower is attenuated at lar-
ger distances as compared to the electrons, this maximum will not be a
strict spatial maximum but in the steady state implies a concentration
of electrons in the above energy range that radiates photons in the
corresponding energy range. The extent in height of this cascade is
small compared with the distance over which B changes appreciably,
hence we can treat the problem as occurring at a constant B value.

photonwspgg Fum é%dwgufequEE%%gleﬁg%§gE§51333ngftgiegfgg%sigﬁth
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E = 107 ey pass through a uniform magnetic field of 1012 gauss. The

results are shown in Figure 1. The ordinate gives the resulting photon

spectrum in units of energy per unit photon energy interval produced

by a singie electron, The ihree different curves labeled 1, 10 and 30 i
reflect the spectra after the corresponding number of iterations where ot
each iteration is a distance step of 10"® cm. If we continue this '
iteration process and follow the photons out to large distances, the

portion above 5 MeV should decrease more and the cascade photons that

ere produced should increase uniformly the intensity level below this

energy. We could approximate the resulting photon spectra by:

Pg e < e,
de ~ € 7 cr
de cr (12) .
7 0 E. > ¢ -
- 4 cr

where the critical energy €.. is given by:

2 -
€., ~ 02 MC (_1_3_c£) (13)
B, :
\J v v v L v .
S H=102 |
gauss .
| R P e -
g \\ :
=0Ff \ ) Figure 1, Numerical b:
ﬁ - " calculations on the g
%g-4 I et ° photon spectrum of a §
- R \‘ shgwer initiated by ‘ 4
9t wert L 107 ev eleciion in a ! .
- e oot \\ field of 10 gauss.
-3} ) The curves labeled 1, !
. 10 and 30 are the ;
number of iteration 6
-4} ) steps in units of 10
cm,
-5} 1
—6 S L ‘;

> 3 4 5 6 7 8 9
L og (photon energy,eV)
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4. Discussion., There are several factors that will change the
idealized calculations of the previous cections., One factor i% assump-
tion of the mono-energetic electron beam. In reality there will be a
spectrum of electrons accelerated by the pulsar. However, as long as
this spectrum implies the existence of electromns above €.r, the con-
clusions of the previous sections do not change. The second factor is
the possibility of the reacceleration of the electrons as they lose
energy. A third factor is the geometry of the field lines. We can
include this effect approximately by considering the fact e€cp will in-
crease as csc O where 8 is the angle of propagation with respect to
the poles, For example, in the case of the canonical pulsar with B

1012 gauss, €.y is about 5 MeV but within a conc of 6° from the poles.
Camma rays above 50 MeV will be able to break through the pulsar, For
the case of B = 1011 gayss, €cr ~ 50 MeV, and 500 MeV photons can
emerge from the poles within the 6° cone.

In short, gamma rays in the 10 to 109 eV region are the photons
that can break out of the pulsar magnetic fields as well as being
photons that correspond to the shower maximum produced by an energetic
electron,

The s. ape of the photon spectrum implies that most of the energy
will be radiated away by the gamma rays near the critical energy. Ex-
perimentally this fact is certainly supported by PSR 0833-45, PSR
1747-46 and PSR 1818-04 which radiate a factor of 3.5 x 10°, 2.2 x 10°
and 3.5 x 105 more respectively in gamma rays above 35 MeV than in the
radio region, the only other region an emission has been detected. In
the case of the Crab nebula pulsar PSR 0532+ 21 the ratio of the gamma
ray to radio luminosity is again 3.1 x 105’ however Crab pulsar shows
additional emission in the optical and X-ray regions which must be
explained by some other mechanism., Although the Radio luminosity
itself needs other coherent emission processes, it is interesting to
note that in all the observed gamma ray pulsars_the ratio of gamma ray
luminosity to radio luminosity is around 3 x 107,

In conclusion, if the general resglts of this work are correct,
pulsars radiate predominantly in the 10° to 109 eV range. Although the

radio emission is only a trivial part of the energy loss, in under-
standing pulsars it has received an unfair share of the effort,
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"DENSITY WAVE THEORY"

WILLIAM W. ROBERTS, JR., Department of Applied Mathematics And Computer
Science, University cf Virginia, Charlottesville, Virginia 22901

ABSTRACT

The prospect that density waves and galaccic shock waves
are present on the large-scale in disk-shaped galaxies
has received support in recent years from both theoret-
ical and observational studies. Large-scale galactic
shock waves in the interstellar gas are suggested to
play an important governing role in star formation,
molecule formation, and the degree of development of
spiral structure. Through the dynamics of the inter-
stellar gas and the galactic shock wave phenomenon, a
new insight into the physical basis underlying the
morphological classification system of galaxies is
suggested.
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INTRODUCTION

In this symposium a primary focus is the structure, content, and
dynamics of our Galaxy as revealed by various galactic constituents
and tracers - HI, CO, OH, H2, young stars, HII regions, supernova rem-
nants, pulsars, Y - radiation, synchrotron radiation, and others.

Some of these constituents help to make up the overall gaseous compo-
nent of our Galaxy, while others have their formation and large-scale
distribution directly related to the large-scale dynamics of the gas-
eous component. In this review on Density Wave Theory strong emphasis
will therefore be directed toward the gaseous component and the im-
portant role it can play. Our Galaxy is thought not to be greatly
different from external spiral galaxies we see; and this review will

focus from time to time on external spirals to help us theoretically
view our own Galaxy.

In many external galaxies the optical appearance of the disk re-
veals the presence of luminous spiral arms.
material arms and were composed of the
portion of the lifetime of the galaxy,
ent in the disk would tend to overwind the arms into nearly circular
forms instead of the spirals observed. Partly because of this winding
dilemma associated with material arms, a wave interpretation of large-
scale spiral structure seems necessary. In the wave interpretation the
enhanced luminosity of a spiral arm is believed to originate in the
very young, newly formed stars whose births from interstellar clouds

have been triggered by the passage of the crest of a spiral density
wave,

If the spiral arms were
same material for a substantial
the differential rotation inher-

STELLAR DENSITY WAVES

The density wave viewpoint originated with Bertil Lindblad (1963;
also see l.indblad and Langebartel, 1953) and has been developed toward
a coherent density wave theory by C.C. Lin and his associates and
others (see Lin, 1971). Gravitational forces are considered as domi-
nant forces, with magnetic forces also playing a role but of secondary
importance. The fundamental spatial coherence of the wave pattern is
provided by the orderly underlying spiral gravitational field of the
collective distribution of old to moderately-old disk stars partici-
pating in the wave pattern. Lin and Shu (1964, 1966) find that this
self gravitation of the material participating in the wave-pattern can
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go a long way toward helping to sustain it. On the other hand Toomre
(1969) shows that a group of spiral waves would still propagate in the
radial direction and eventually disappear in several rotations of the
galaxy. Thus one of the intriquing problems at the present time is
how to account for the origin and permanence of spiral structure. For-
tunately this problem is receiving the attention of a number of re-
searchers at the present time, and a variety of promising sources have
already been found for the generation of spiral structure (see Lin,
1970; Toomre and Toomre, 1972; Lynden-Bell and Kalnajs, 1972; van dex
Kruit et. al., 1972; Feldman and Lin, 1973; Mark, 1974, 1976 a,b,c,.,d,;
Lin and Lau, 1975; and Lau, Lin, and Mark, 1976).

The mass concentration in a density wave is believed to consti-
tute only a small perturbation on an otherwise rather smooth stellar
disk. For this reason the theory for stellar density waves has evolved
primarily as a small amplitude linear theory. Figure 1 provides a pho-
tographic simulation of a stellar density wave of 5% amplitude super-
posed on a stellar disk whose axisymmetric distribution is computed
from the mass model of Vandervoort (1970) for our Galaxy. Here the re-
sulting background wave pattern of old to moderately-old stars is hard-
1y visible and such background patterns would most certainly be diffi-
cult to detect in real galaxies.

GALACTIC SHOCK WAVES

On the other hand, the response of the interstellar gas to *he
small background spiral gravitational field associated with such
stellar density wave pattern is in fact found to be a rather larg. re-
sponse in which shock waves form along the arms of the background pat-
tern (Roberts 1969, also see Fujimoto 1966), Figure 2 illustrates
the location of the shock formed along the background arms. Undergo.ng
rapid basic rotation about the galactic center, the gas flows along the
arrowed streamlines through the slower rotating wave pattern from one
shock to the next. It is mainly the spiral gravitational field of the
background pattern coupled with rotation along with the effect of pres-
sure and the variation in streamtube cross section that drives the gas-
eous response and forms the shock. The galactic magnetic field and the
ccsmic ray particles which interact with the magnetic field also con-
strain the gas motion. In the model here, a galactic magnetic field is
embedded in the gas (Roberts and Yuan, 1970),and the shock that forms
is a hydromagnetic shock wave. Because of the enormous size of the
galaxy, the magnetic field is essentially "frozen into" the gas, and
the arrowed streamlines represent the gas streamlines as well as the
magnetic lines of force.
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Figure 3 provides a sketch of the nonlinear response of the gas
density distribution along a streamline. The gaseous response has a
rather narrow peak induced by the shock wave which forms in the poten-
tial well of the background stellar density wave arm. A photographic
simulation of the gas density distribution over the face of the model
disk is provided in Figure 4. The ridge of the light distribution
traces out the shock and the gas density ridge. The surface density
response of a particular component in a galaxy is roughly proportional
to the inverse square of the characteristic speed. Since the effective
acoustic speed of the interstellar gas is typically only one-third to
one-fourth of the root mean square random velocity of the disk ctars,
it is not difficult to see how the same mild spiral gravitational field
which induces only a small fractional variation of the disk stars
(Figure 1) can drive a very large density response in the interstellar
gas toward the formation of shock waves /(figure 4).

The formation of such large amplitude spiral waves in the gas is
no* greatly sensitive to the rorm of the background forcing field
adopted to drive the gas. For example, in a time dependent study of
the gas response to a bar-like oval distortion, Sanders and Huntley
(1976) find a large amplitude wave pattern of a rather similar char-
acter to that in Figures 2-4, but with rather open spiral arms. Fig-
ure 5 shows a photographic simulation of the gas density distribution
in two different cases of mild bar-like forcing.

GAS CLOUD COLLAPSE AND STAR FORMATION

Galactic shock waves may well form a possible triggering me-
chanism for the gravitational collapse of gas clouds, leading to star
formation and the formation of other tracers along spiral arms. Figure
3 illustrates this possible star formation mechanism. Gas flows into
this shock and compression region from left to right. Before reaching
the shock, some of the large clouds and cloud complexes may be on the
verge of gravitational collapse. A sudden compression of the clouds in
the shock could conceivably trigger the gravitational collapse of some
of the largest gas clouds. As the gas leaves the shock region, it is
rather quickly decompressed, and star formation ceases.

On the small scale the main obstacle to star formation is that
most of the interstellar gas clouds would not be even remotely bournd by
their self gravitation if the clouds were isolated entities placed in a
vacuum, Random motion can act as a "pressure" in that it provides sup-
port against the gravitational field of the Galaxy; however, there are
difficulties in visualizing how the "effective p.:ssure" is transmitted
on a small scale to trigger the gravitational cnl'iipse of clouds. This
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obstacle is now largely removed through recent work by a number of re-
searchers who show that the nearly neutral component of the interstel-
lar medium may consist of two gaseous phases in rough pressure equilib-
rium with one another. These two phases are identified with the ob-
served cold, dense clouds at temperatures of 20 -200°K and with an un-
obierved hot, rarefied intercloud medium at temperatures of perhaps
10%CK.

In a study of gas flow based on the two-phase concept (sShu, et
al., 1972) galactic shocks are found to be initiated by the "hot" in -
tercloud medium. For the case of 5% spiral field it is found that the
total variation of pressure along a streamline at the solar circle ex-
ceeds the range of pressures consistent with the thermal stability of
both cloud and intercloud phases, and phase transitions occur in the
flow. Inside the shock layer, the transient pressure tends to achieve
a value higher than the maximum pressure, p , consistent with ther-~
mal stability of the intercloud medium and ¥A¥s forces a transition of
some of the "hot" intercloud gas into the "cold" cloud phase. On the
other hand, in the interarm region the pessure tends to drop to a value
lower than the minimum pressure, p . , consistent with thermal stabil-
ity of the cloud medium, and this ?égces a reverse transition of some
of the "cold" cloud gas into the "hot" intercloud phase. As the pres-
sure tends to drop below p . in the interarm region, the evaporation
of cloud material to the iftércloud phase helps to maintain a constant
pressure environment for the remaining clouds.

In this picture, the clouds are viewed as embedded bodies which
expand or contract to adjust to changes of the ambient pressure of the
intercloud medium; and the increase in pressure across the galactic
shock occurring in the "hot" intercloud phase is in turn transmitted to
the "cold" clouds, leading to star formation. Due to the greater com-
pressibility of the gas in the two phase model and the nonlinear nature
of self gravity, che critical mass for the gravitational collapse of a
gas cloud is substantially reduced from that estimated for an isother-
mal gas by a factor greater than 10. This decrease of the threshold
for gravitational collapse coupled with the effect of the galactic
shock as a possible triggering mechanism help to explain why the re-
gions of active star formation can be delineated so sharply in certain
external galaxies.

In a study of the time scales relevant to cloud formation and
star formation Biermann, et al. (1972) follow the phase transition pro-
cess by a simple numerical model of thermal evolution in cases for dif-
ferent strengths of compression and magnetic field, and for different
rates of heavy element depletion onto grains (also see Mufson, 1974,
1975). Through this work they reconfirm that the transition to the
cool stable cloud phase may occur within 106 years and that stars may
form within approximatel’ 5 x 106 years in agreement with the time esti-
mates for M 51 by Mathewson, et. al. (1972) and for M 81 by Rots (1975)
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Woodward (1976) further enhances the theorectical picture through stud-
ies of shock-driven implosions of interstellar clouds toward star for-
mation (also see Sawa 1975). Shu (1974) considers the Parker (magnetic
Rayleigh-Taylor) instabitity for an interstellar medium composed of
t-~vmal gas, magnetic field, and cosmic ray particles and investigates
the tendency of the gas to drain down magnetic field lines into dense
pockets of concentration. Mouschovias, Shu, and Woodward (1974) sug -
gest further that the initiation of this instability in the interstel-
lar medium by the passage of a galactic shock may play a strong role in
the formation of large cloud complexes, OB associations, and giant HII
regions.

STRONG SHOCKS WITH NARROW REGIONS OF HIGH GAS COMPRESSION;
WEAK SHOCKS WITH BROAD REGIONS OF LOW GAS COMPRESSION

For a wave of given amplitude, the strength of the shock and tne
degree of compression of the gas vary as the square of the ratio
w,/a where w, is the total (unperturbed plus perturbed) velocity
component of the gas normal to a spiral arm and a is the effective
acoustic speed of the interstellar gas. If the two-component model of
the interstellar medium is adopted, a is unlikely to be very differ-
ent from the sound speed associated with the intercloud medium
~7-12km s 1 and a mean value of a in this range might be dictated
by the atomic physics of all spiral galaxies. On the other hand, w,
oscillates along a streamline about its unparturbed value w because
of the forcing of the spiral gravitational field of fractioné& ampli-
tude F. Shocks form if F is sufficiently large as to force w,
to achieve transonic values. There are actually two regimes:
(1) w >a and (2) w < a, For (1) w > a, most of the gas on
the streamline is moving™at supersonic speeag while only a small por-
tion is moving subsonically. The shocks which form in this (w _ > a)
situation tend to be strong and give rise to narrow regions of gigh gas
compression. For regime (2) w < a, most of the gas on the stream-
line is moving subsonically whitg only a small portion travels super-
sonically. In this (w _ < a) situation the shocks tend to be weak and
yield rather broad regions of relatively low gas compression (see Shu,
et, al.,, 1973). Therefore the strength of the shock and compression of
the gas and the consequent theoretical differentiation between spiral
structure with narrow "filamentary" arms and broad "massive" arms seem
to be critically dependent on the quantity

Voo N - Qp)w . sin i (1)

where i is the pitch angle of the wave pattern which is determinable
from the dispersion relation of the linear density wave theory once the
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pattern speed, S% , 1s specified.

INGIGHT INTO THE PHYSICAL BASIS UNDERLYING THE
MORPHOLOGICAL (CLASSIFICATION SYSTEM OF GALAXIES

A semiempirical study of the density wave patterns predicted ir
the models of twenty-four external galaxies is made by Roberts, Rob-:rts,
and Shu (1974, 1975; also see Shu, Stachnik, and Vost, 1971). Figure 6
provides the theoretical curves of w , i, and F characterizing the
density wave pattern calculated for one sample galaxy NGC3031 (MS1).

The superposition of three sets of curves for three possible choices of
the corotation radius illustrates that the magnitude of w sver its
extent, and particuiarly at nalf corotation, is not overlylsensitive to
the location of corotation. For NGC3031 the chiaracteristically high
levels reached by w, signify that potentially strong galactic shocks
are possible together with a lhigh degree of development of spiral stiuc-
ture with narrow "filamentary" arms.

A photograph of the sample galaxy, NGC3031 (M8l), with its typi-
cally "filamentary" spiral arms taken from the Hubble Atlas (Sandage
1961) is shown in Figure 7. This well-developed spiral structure with
narrow, "filamentary" spiral arms is thought <o be a consequence of the
rather strong shocks possible in this galaxy. “uperposed is the com-
puted wave pattern, based on the curve of theoretical pitch angle i
for %) = 26 km/s/kpc in Figure 6.

The theoretical curves of w , i, and F for another sample
galaxy NGC 598 (M33) are provided in Figure 8. The characteristically
low levels of w signify that only weak shocks, if any at all, would
be possible. CcnSequently the corresponding spiral structure would be
expected to be poorly-developed, perhaps with broad "massive" spiral
arms of a fuzzy and patchy nature.

A photograph of the sample galaxy, NGC598(M33), with its charac-
teristically "massive" spiral arms taken from the Hubble Atlas is shown
in Figure 9. This pooriy-developed spiral structure with rather broad,
"massive" spiral arms is thought to be a consequence of the result that
only very weak shocks, if any at all, are possible in this galaxy. Su-
perposed is the computed wave pattern, based on the curve of theoretical
pitch angle i for K% = 32 km/s/kpc in rigure 8.

Th2 results for the two sample galaxies in Figures 6-9 suggest
that the two parameters w and i may play a major role in determin-
ing the degree of deveJopﬁgnt of spiral structure in a galaxy as well
as its Hubble type. This role is illustrated in Figures 10 and 11
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Figure 10. W,o and Luminosity Class. Trend for a semple of
twenty-four external galaxies indicative of a possible corre-
lation betweer w,, - the velocity component of basic rotation
normal to a spiral arm - and shock strength on the one hand,
and luminosity classification and degree of development of
spiral structure on the other. Those galaxies, in which poten-
tially strong shock waves are possible, are found to exhibit
long, well-developed spiral arms. Those galaxies, in which
weak shock waves are predicted, are found to exhibit poorly-
developed spiral structure (from Roberts, et, al., 1975),
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wow.d spiral arms of small pitch angle 1 are the galaxies ob-
served to be of relatively early Hubble type S0/a - Sbc.
Those galaxies whose models predict more open and loosely-
wound spiral arms with large pitch angle i are the galaxies
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observed to be of relatively late Hubble type Sc¢ - Im
(from Roberts, et., al., 1975).
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wher=, for the computed density wave patterns in the theoretical models
of twenty-four external galaxies, w _ (and potential shock strength)

and the theoretical pitch angle of fﬁg wave pattern are well correlated
with luminosity class and Hubble type respectively. In Figure 10, high

w*o and potentially strong shocks with narrow regions of high gas com-
pression are found to correspond to galaxies with long well-developed
"filamentary" sprial arms; low w and weak shocks with broad regions

of relatively low gas compression*are associated with galaxies with
short, patchy "massive" spirai arms. In Figure 11, the computed wave
patterns with small theoretical pitch angle i correspond to relative-
ly early Hubble types, S0/a - Sbc; whereas the wave patterns with
large theoretical pitch angle i correspond to relatively late Hubble
types, Sc - Im. Since the theoretical pitch angle 1 1is dependent on
the choice of corotation radius in a galaxy, the correlation in Figure
11 is equivalent to saying that the theoretical wave pattern obtained
by choosinag the corotation radius according to the criteria in Roberts,
et. al. (1975) agrees reasonably well with the observed spiral pattern
for each galaxy in the sample.

Through the correlations in Figures 10 and 11, a new insight is
suggested into the physical basis for the morphological classification

system of galaxies. By showing that typical values of w and i
(say at half the corotation radius) can be expressed as:
_ ~ 1/2 ~ ~
Wo o (GM/w ) f(“’.sm/wc) (2)
sin 1 = g(w-SM/wC) (3)

where f and g are functions whose forms are specified once che
equilibrium disk has been cspecified except for scale factors, Roberts,
et. al. (1975) identify what they believe to be the two fundamental
physical parameters which underlie the accepted type-luminosity classi=-
fication system of galaxies (van den Bergh, 1960 a, b): namely, (1) the
total mass of the galaxy, divided by a characteristic dimension,

GM/® , and (2} the concentration of mass toward the galactic center,
W, m/W_. These two fundamental parameters govern w and the poten-
tial sgrength of galactic shocks in the interstellar 8as as well as the
geometry of the spiral wave pattern.

Figure 12 shows for example the dependence of w and the poten-
tial shock strength on these two fundamental parametefs. The black dots
indicate the locations of the twenty~four galaxies of the sample plus
our own Galaxy with respect to the w, surface. A galaxy with a mass
distribution of moderate central concéntration, as evidenced by the
parameter o /0 being near the value of 0.5, is found to lie near
the ridge of'éne v surface. Such a galaxy is capable of forming
rather strong shoctowaves (even with small to moderate forcing F) and
is therefore capable of exhibiting well-developed "filamentary" spiral
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Figure 12. Theoretical categorization of disk-si 1 galaxies;

a representation of an ensemble of cases spanning . : two-dimen-
sional parameter space of the two fundamental parameters:

M/& . w evaluated at half corotation generates a

w sur?ace which Measures the strength of the galactic shock
p3551b1e over all cases of the ensemble. Superposed are twenty-
four external galaxies plus our own. Those galaxies with a moder-
ate concentration of central mass lie near the ridge of the w
surface; these galaxies can have the strongest shocks (e.g. 10
NGC3031-M81). Those galaxies with a low central mass concen-
tration lie well below the ridge and are predicted to have

only weak shocks, if any at all (e.g. NGC598-M33) (from Roberts,
et, al., 1975).

structure. The larger the mass of the galaxy, the higher along the
ridge it can manifest itself, and the stronger the shocks possible, On
the other hand, a galaxy with a mass distribution of very low central
concentration, as evidenced by the parameter, N £ & , being sub-
stantially larger thar 0.5, would lie along the Sirface at a level well
below the ridge., A galaxy in this range is capable of forming only weak
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shocks, if any at all (even with large forcing F); and the correspond-
ing spiral structure is expected to be poorly-developed and more
"massive."” The three coordinates in this representation are ideal in
the sense that they are distance independent parameters, and any un-
certainty that may be present in the estimate of distance of a galaxy
does not enter here,

Some attention should be directed to the forcing amplitude F
which in the density wave theory measures the amplitude of the back-
ground stellar density wave driving the gas. In those galaxies with
high levels of w, , the potentially strong shocks and high gas
compressions can 68 attained even for rather small (e.g. 5%) to moder-
ate forcing amplitudes F. The larger F is, the stronger the shocks
and gas compressions which can be attained. However with zero or neg-
ligible forcing, such potentially strong shocks and compressions could
not be realized even for galaxies with high levels of Woor Unfortu-
nately within the present framework of the theory the amp?itud“ of the
background driving wave F can be calculated only to within an arbi-
trary multiplicative scale factor. Of course, the real forcing of the
gas in galaxies could be much more complex and even more difficult to
calculate if various other driving and excitation mechanisms should
enter to help drive the gas.

Empirical estimates of mean compression strengths reached in the
spiral arms of eleven of the galaxies in the above sample are inferred
observationally by van der Kruit (1973) from high spatial resolution
21 - cm continuum studies with the Westerbork Radio Synthesis Tele-
scope. What is indeed interesting is that F and other possible com-
plexities do not seem to play an overwhelming role because a comparison
of the w, levels in Figures 10 and 12 with rn-der Kruit's mean com-
pression sgrengths shows general agreement. Thrdugh observations of
emission line strengths in the disks of 12 late~tv>c galaxies, Jensen
Strom and Strom (1976) find that radial changes in disk gas compusition
across the face of a galaxy can largely be understood in terms of this
density wave picture and can be directly related to variations in the
strength of the gas compression (and w__ ) and the frequency of com-
pression with each passage through a spiral wave crest 2(Q-%>).

INTERNAL STRUCTURE AND TEMPORAL SEQUENCE ACROSS A SPIRAL ARM

In Figure 12 our Galaxy is located near the ridge of the w o
surface., Unfortunately, from our vantage point within the Milky ﬁay
System, it is extremely difficult to view clearly and decipher the

large scale structure of our own Galaxy. Consequently before focusing
on our Galaxy it might be instructive to view in some depth one or two
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external spirals which are located on the w o surface near our own
Galaxy in Figure 12 and for which detailed dsservational studies are
available.

One important feature to focus on is the predicted internal
structure of a spiral arm. This is illustrated by the sketch in Figure
13. With the formation of a galactic shock, the gas density peaks a-
long a narrow front, and the magnetic field frozen into the gas, and
possibly thc dust particles as well, share in this compression. There-
fore, a shock, a sharp H I peak, a narrow dust lane, and the strongest
magnetic fields are all expected to lie in a narrow lane on the inside
edge of the bright optical arm of young stars and H ITI regions trig-
gered by the shock. Figure 14 provides a photographic simulation of
the lane of young stars distributed in a Poisson distribution outside
the shock. To be sure complexities most certainly arise from a number
of sources ranging from local processes within the shock region govern-
ing the interaction of clouds with the intercloud medium, e.g. through
turbulent viscosity (Sawa, 1975) and governing the post-triggered col-
lapse of gas clouds (Woodward, 1976) to the effects of spiral arm
drift and age dependent spreading of the newly-formed stars (Biermann
and Tinsley, 1974; and Wielen, 1975). Therefore Figures 13 and 14 are
meant to provide only a qualitative overview of the temporal sequence
of physical phenomena expected in the density wave theory across a
spiral arm in the region interior to corotation.

THE SAMPLE GALAXY NGC 5194 (M 51) - OBSERVATIONAL STUDIES

Recent observational results from the Westerbork telescope in the
Netherlands indicate that NGC5194 (M 51) - a galaxy located on the Yo
surface near our own Galaxy in Figure 12 - is one striking example
which exhibits features suggested in this wave picture. Figure 15a
shows a map of M51 and its companion NGC5195 presented ac a series of
intensity profiles from the survey at 1415 MHz by Mathewson, et. al.
(1972). The most striking feature of the radio map is the clear delin-
eation of two radio spiral arms. Most of the spiral arim emission does
not arise in supernova remnants that lie in the bright optical arms,
but rather more than half of the total emission of M 51 is contained in
the narrow radio spiral arms. The inner portions of the radio arms are
unresolved by the aerial beam and this implies that they are less than
250 pc in width. Lirear polarization is dstected in their emission
which indicates that their origin is due to the synchrotron mechanism.
Connected with this phenomenon of synchrctron emission is the strong
dependence of the radio emissivity on the strength of the magnetic field
which in the density wave theory is predicted to be strongest in the
compression region at the shock and dust lane.
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Figure 16. Surface Brightness and Color Index Maps of M 51,

In the lower left panel, the spiral pattern is interpreted as an
azimuthal density variation in the old stellar disk population,
as identifiable in a background stellar density wave (from
Schweizer, 1976).
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The ridge line of the 1415 MHz emission from the radio spiral
arms is determined by Mathewson, et. al. (1972) and this ridge line is
shown in Figure 15b superposed on an optical photograph of M 51 and
NGC5195. Here it i3z apparent that the ridge of the radioc spiral arms
in synchrotron emission and the ;trongest magnetic fields lie well a-
long the dust lanes generally on the inner sides of the optical spiral

arms.

Through a study of the detailed surrace photometry of six galax-
ies including M 51, Schweizer (1976) detects background spiral patterns
in the old stellar disk population. He identifies the arms of these
broad patterns as background stellar density wave arms. Figure 16
shows his surface brightness and color index maps for M 51. The red
arms which stand out in the O passband (lower left panel) are composed
mainly of old giants underlying the old stellar disk, and these are the
acrms in M 51 identified by Schweizer for the first time as background
stellar density wave arms. The blue arms which stand cut in t»e B3
passband (upper left panel) are representative of the young population I
stars.

In his identification of the background density wave arms,
Schweizer mzkes use of a sequence of azimuthal surface-brightness pro-
files at different radii, shown for M 51 in Figure 17. It is interest-
ing -0 note that most of the strong dust lanes (marked by arrows) are
not only located on the inside edge of the arm rrofiles but arn z2lzs
often shifted a little onto the rising inside slope of the profiles.

In fact in the outer parts of M 51 some appear even right on top of
the arm profiles. Schweizer argues that the rise of surface brightness
of the arm profiles inside the dust lanes must be largely due to the

old disk stars which participate in the background density wave arms.

In another view, Figure 18 shows two projections of a three di-
mensional map of surface brightness of M 51 and its companion NGC5195
computed by Burkhead (1976) from a combination of photographic plates
weighted toward yellow-green (centered about 5300 (A”)). Here, the
spiral arms of M 51 might well be characterized as narrow roadways
slowly winding up the sides of the steep mountain of total surface
brightness (not unlike the wave arms in Figure 1).

THE SAMPLE GALAXY NGC 3031 (M 81) - OBSERVATIONAL STUDIES

Another rather s*riking galaxy - on the w surface near our
own Galaxy in Figure 12 - for which high resoluttgn 21-cm line observa-
tions have beer possible is the galaxy NGC3031 (M8l). Figure 19 con-
tains a radio rhotograph from Rots and Shane (1975) of the observed
density distribution of neutral hydrogen in M8l, Although there is a
great deal of detailed structure, two major arms of neutral hydrogen
seem to stand out as rather prominent spiral features, These H I arms
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Figure 21. H I surface density as a functicn of spiral phase
about the disk of M 81, The three panels show different radius
ranges. The concentration of neutral hydrogen into spiral arms
is quite clear with the arm peaks substantially narrower than
the interarm troughs (from Rots, 1975).
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Figure 22, B - V color as a function of spiral phase about
the disk of M 8l. This piot can be directly compared with the
upper panel in Figure 21. The arm ridges where the H I is most
compressed (Figure 21) correspond to the rluer reqions (troughs
in Pigure 22) where young stars may be forming with prominencw
(from Rots, 1975).
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are also closely cc-ucider* with the optical arms and the dust, Figyare
20 shows the observei velcuci’ field, determined by Rots (1975),
superposed on the radio photngraph.

Figure 21 frex Rots (1975) shows the H I surface density distri-
bution as a function o7 the spiral phase arvuw.?® three circular bands in
M 81, each 2 kpc wide. The concentration >f neutral hydrogen in the
spiral arms is clearly visible, with the castern arm around 0 in spiral
phase and the western arm around 180 . doreover the dens.ty distri-
bution appears to be of such a nature that the arm peaks are substan-
tially narrower than the intera:m troughs, altogether indicative of non-
linear w.ve phenomena.

Rots also plots the average B - V color in the circula.: band be-
tween 4 and 6 kpc as a function of spiral phase, and this is shown in
Figure 22. 1In view of the H I distribution in the upper pauel of Fig-
ure 21, a cor-elation seems to ex.ist between H I and color in the sense
that the higher is the surface density of H I, thc bluer the color.
Indeed the blue regions delineated by the troughs here appear even
narrower than the corresponding arm peaks of H I (in the 4 to 6 kpc

band‘ i.: Figure 21. If these regions of hluer color are interpreted to
reg- - . . .lative increases in the number of young stars forming from
th- .  L.-n it woild appear that star formation is occurring with

Promi-wi:cn only in the limited regions of tha2 H I spiral arms. Rots
finds that there actually is a time lag between the highest density of
very YOung stars and the maximum H I surface density of the order of
10" to 15, which corresponds to an order of 10 millicn years, in the
sense that the stars are forming with most prominence just outside the
ridge of the H I arm from gas that has already just entered and been
compressed within this ridge region. This observed time lag between
the H I peak and che concentration of yhung stars across the spiral
arms of M 81 is just the temporal sequern-e expected in the theory be-
tween the shock and H I peak and the region of highest concentration of
young stars and H II regions. Consequertly, these observationali re-
sults on M 81 suggest that this galaxy is arothner example which exhib-
its features predicted in the wave picture.

Visger (1775a) avplies the theoretical picture to simulate the
nonlinear, large-scale gas flow in M 81, Figure 23 illustrates the
theoretically-calculated fiel® of line of sight velocities superposed
oh a 20(" photograph of M 8l. The overall crend of loci of equal helio-
centric velocities indicates ths general rotation of M 81, while the
crests and troughs of the contours reflect th. systematic motions pre-
dicted along the wave armg. With the inclusion of the effect of beam
smearing as chown in Figure 24 (Visser 1975b), which is an unavoidable
effect 1nherent in obsurvations, substantial progress toward a deeper
understandins of M 8) is possible through a comparison of the smuothed
theoretical veiocity field (Figure 24) and the observed velocity field
(Figure 20).
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OUR GALAXY

We now turn to focus on our own Milky Way System. Hopefully
these concepts of density wave theory which seem to be playing an im-
portant role in M 51 and M 81 - two extragalactic systems for which
we enjoy a birds eye view - can be borrowed and applied to help us
better understand our own Galaxy.

Figure 25 provides curves of w o for two possible choices of
corotation radius in ovr Galaxy (see Burton, 1976). Because of the
high levels attained by w o’ potentially strong shocks and high gas
compressions are possible 1n the inner parts of the Galaxy, and these
have ween calculated even for small to moderate forcing F (e.qg.
Roberts, 1969; Shu, et. al. 1972). Simultaneously the frequency of
compression 2(2-Q ) with each passage through a spiral wave crest is
also substantialf§ higher in the inner parts due tc the differential
rotation inherent in the jalactic disk. Both these effects - the po--
tential strength of gas compression and the frequency of compression -
tend to make the conditions for star formation and molecule formation
rather favorable in the inner parts of the Galaxy, perhaps inwards as
far as inner Lindblad resonance about 4 kpc where the spiral wave is

hought to terminate (also see Shu 1975; and Oort, 1973, and Segalovitg

.975, for application to M 81).

wr\,'[wrvf;rnjﬁlr],ll"")

Q tkms kpe ™"

i - 0:135kms T kpe L A\
- (o) HEEE R N S T A T O T SO M IO 11 1 Jo
0 2 4 3 [ o 2 146 u%“mgz

Re=12kg"  Ro:15.7 ke

Figure 25. Characteristics of the Density Wave Picture for our
Gal- xy. Strong shocks and high gas compressions are possible
(and have bee.. calculated) in the inner parts where w > a,
The frequency of gas coumpression in shocks is also higﬁoin the
inner parts. - These factors suggest that the conditions for
shock-triygered star formation and molecule formation may be
favorable in the inner parts of our Galaxy (see Burton, 1976).
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Both W {and potential shock strengch) and the frequency of
compression 2(Q-0 ) decrease with increasing radius in the Galaxy.
Moreover, in the outer regions over the range of radii near the solar

circle where the intrinsic frequency Vv of the density wave satisfies
the relation

vV - =n , (4)

ultraharmonic resonances can occur in the gas (Shu, et. al., 1973).
Here a is the intrinsic acoustic speed of the gas, and

n=+2, +3, +4,... . Such ultraharmonic resonances tend to produce
secondary compressions and secondary arm structures in the gas. These
secondary features bear some resemblance to the secondary arms, spurs,
and feathers often observed (with a birds eye view) in the outer parts
of many external spirals. However their presence more than anything
else probably confuses any coherence that the overall spiral structure
might otherwise have in these outer regions. For larger radii outside
the solar circle toward corotation where w <a, only very weak shocks,
if any at all, are possible together with broad regions of relatively
low gas compression. Therefore in these outer regions where there may
be a lack of coherence as well as a lack of sufficient gas compression
the conditions for efficient and coherent star formation and molecule
formation may be rather unfavorable except in unusual local environ-
ments.

f T T T T T T T
co) 12 _
.n(f )..3 10 o (Co)
(10 "em N (1073 -2)
10k Mopc
-8
08
-6
06}
-4
04r
02f 1
00 1 ] ] i T 1 1 0
0 2 4 6 8 10 12 14 16
R (kpc)
Figure 26. Radial distribution in the Galaxy of 120164
volume densities at b = 0° (lefthand ordinate) and of

the projected 120160 surface densities (righthand ordinate)
(from Gordion and Burton, 1976).
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Figure 26 shows the radial abundance distribution of the carbon
monoxide molecule in our Galaxy found by Gordon and Burton (1976). By
relating the CO densities to those of molecular hydrogen on the basis
of solar abundances, Gordon and Burton further derive the radial abun-
dance distribution of H_ in the Galaxy. This is shown in Figure 27 to-
gether with their deduced distributicn for total interstellar nucl: ons
(also see Stecker, Solonon, Scoville, and Ryter, 1975). They find that
the abundance distributions for CO and H are more concentrated than
that of the H I toward the inner parts of our Galaxy as well as more
concentrated than that of the H I toward the galactic plane. This
separation of the peak concentrations of CO and H, from that of the H I
suggests that there exists a factor other than the average neutral hy-
drogen gas density which controls the present day formation of mole-
cules (and perhaps young stars) in the Galaxy. If we adopt the Aensity

{cm3)

3.5+ : ~
2.5
20

5

0.5

1
Q 2 r 6 8 10 12 1
R (kpc)

Figure 27. Radial distribution in the plane of the Galaxy
of volume densities of atomic and molecular hydrogen. The
distribution of the sum 2n(Hy ) +n(HI) indicates
the overall distribution of intersteliar nucleons (from
Gordon and Burton, 1976).
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wave picture where the present day formation of molecules (as well as
young stars) occurs in part as a result of compression in a galactic
shecck wave, it is possible to account for this striking separation as a
consequence of : (1) the inward increase of the gas density compression
(and w ) and (2) the inward increase of the frequency 2(0- ) at
which tﬁg interstellar gas is periodically compressed. Because ‘stellar
density waves are absorbed at inner Lindblad resonance and ~annot pro-
pagate inside this region, substantial molecule formation by the wave
mechanism is not expected inside 4 kpc.

Similar morphological characteristics also seem to distinguish
the distributions of a number of other constituents and tracers - H II
regions, supernova remnants, pulsars, Y-radiation, synchrotron radia-
tion, and other molecules - from that of the neutral hydrogen (see
Burton, 1976). It is intriguing to consider the prospect that the com~
pression wave mechanism, if strong enough, might play an important role
in the formation and large-scale distribution of many of these constit-
uents and tracers as weil.

Optical observations of the spiral structure of our Galaxy are
confined to the realm of a few kiloparsecs in radius about the Sun.
For this reason the current picture of the large-scale spiral structure
rests primarily on radio observations of the 21-cm line of neutral hy-
drogen. Unfortunately from our vaantage point within our Milky Wa;
System, we have difficulty in seeing the forest because of the trees.

As Burton (1972) has demonstrated, it is extremely difficult, if
not impossible, to interpret a profile of the 2l-cm line of neutral
hydrogen unambiguously, particularly with both the gas density and the
gas velocity varying along the line of sight. Of course in the density
wave theory a relation between densicty and velocity does exist. How-
ever, becausc of the uncertainty in the choice of specific valuus for
the parameters of the model and because of uncertainties in the physi-
cal properties and state of the H I gas and the interstellar medium
(with-multi phases, multi components, turbulence, complicated cloud
structuras, etc...), the interpretation of line profiles is still very
difficult,

Despite these uncertaintiesSimonson (1976) works toward a simu-
lation of large-scale spiral structure by constructing a model based on
density wave kinematics that reproduces many of the main features of
the 21-cm H I ohservations. Figure 28 provides a synthetic optical
p..stograph of his simulated model of our Galaxy as revealed through
the 21-cm line profiles. A basically two-armed spiral pattern with a
pitch angle of 6°-8” is apparent between the 4 kpc dispersion ring and
the solar circle. Near the solar circle, two additional arms originate,
and th2 pattern outside is multiple-armed.
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Figure 28. Synthetic Optical Photograph of a cimulated
model of our Galaxy using density wave kinematics as de-
duced from 2l-cm line profiles of neutral hydrogen (from

Simonson, 1976).

PERSPECTIVE TOWARD THE FUTURE

Toward the future the outlook is optimistic., oefinitive scien-
tific research generally motivates further scientific research, no mat-
ter what the discipline., Most certainly of great benefit will be cur-
rent and future observational studies and theoretical work on the vari-
ous constituents and tracers delineating the structure, content, and
dynamics of our Galaxy as weli as extragalactic systems - H I, CO, OH,
and H_, young stars, H II regions, supernova remnants, pulsars,
Y-radiation, synchrotron radiation, and others.

Already there are many exciting problems ripe for the challenge
of future investigations. Answers are needed to such questions as:
Does our ualaxy indeed possess spiral structure, which many extragalac-
tic systems seem to be capable of exhibiting for our birds eye viewing?
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If so, how coherent is it ard why do the present CO observations for
example not show a better delineation of spiral structure in our Gal-
axy? From our vantage point, how severely do we suffer from not seeing
the forest because of the trees? Although the abundance distribution
of CO does drop off within the inner 4 kpc in our Galaxy in qualitative
agreement with the compression wave mechanism, why does the CO not drop
off more abruptly there? Might the compression wave mechanism be cap-
able of penetri.cing to a sufficient distance inside 4 kpc to account
for this low level of CO present, or need there be other sources? In-
deed these aie only a few of the intriguing questions and problems that
could be mentioned; there are many others,

At the present time, theoretical results and developments are
progressing well on many fronts; exciting new observational results are
springing forth- and theoreticians and observationalists alike have the
opportunity to learn a great deal more and broaden our present under-
standing. The interaction between theory and observations is extremely
important for the purpose of providing rew challenges to current theory
and to current observational techniques toward their better and better
refinement.

I would * 'ke to thank Martin Burkhead, Butler Burton, Jim Huntley,
Arnold Rots, Francois Schweizer, Chris Simonson, and Herman Visser for
graciously sending me a number of the photographs includad in this re-
view, in many cases prior to publication. I would also like to than™
Jim Huntley for kindly preparing the photographic simulations. This
work was supported in part by the National Science Foundation under
jrant AST72-05124 AO3.
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THE GALACTIC DISTRIBUTION (IN RADIUS AND Z) OF INTERSTELLAR
MOLECULAR HYDROGEN

N. Z. Scoville, Dept. of Physics and Astronomy, University
of Massachusetts, Amherst, MA 01002

P. M. Solomon and D. B. Sanders, Dept. of Earth and Space

Sciences, State University of New York, Stony Brook, NY
11794

ABSTRACT

New observaticns of the galactic longitude
and latitude distributions of X = 2.6 rm CO emission
are presented. Analysis of this speccral line
data yields the large scale distribution of
molecular clouds in the galactic disk and their
z-distribution out of the disk. Strong maxima in
the number of molecular clouds occur in the galactic
nucleus and at galactic radii 4-8 kpec. The peak at
4-8 kpc correlates well with a region of enhanced
100 Mev y-rey emissivity. This correlation strongly
supports the conclusion of Stecker et al. (1975)
that the y-rays are produced as a result of cosmic
ray interactions in molecular H; clouds rather than
HI. One important implication of this 1s that the
interstellar magnetic field lines to which cosmic

rays are confined, must therefore not be excluded
from these dense clouds.

The width of the cloud layer perpendicular to
galezric plane »etween half density polnts is
105+25 | near the 5.5 kpec peak. The total mass
of mol - lar gas in the interior of the galaxy
exceads hiat of atomic hydrogen and is 3+17 Mg
basea on these observations.
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Until just the last year there was little appreciation
of the possibility that clouds of molecular H, rather than
atomic hydrogen might constitute the dominant contribution
to the interstellar mass. The importance of the H, gas on
a galactic scale was overlooked, essentislly because it was
impossible to detect from the ground. The rotational and
vibrational transitions of H, are weak infrared quadrupole
lines; and observations of the ultravioiet resonance lines
are limited to clouds o: low visual extinction (<1 mag) in
front of nearby O and B stars (e.g. Spitzer et al. 1973).
Our knowledge of H; in selected, more opaque, and more
distant gas clouds has instead been deduced from observa-
tions of relatively rare trace molecules like CO, CS, and
HCN which have fundamental rotation lines at A = 1 > 6 mm.

Recently observations of the COJ =1 » O line at
2.6 mm have been extended to surveys of this emiscion
throughout the galactic plane (Scoville and Solomon 1975,
and Burton, Gordon, Bania, and Lockman 1975). Scoville
and Solomon (1975) used their CO observations to deduce the
overall distribution and mass of molecular hydrogei! 1n the
galaxy. The relevance of these studies to observations of
galactic y-rays (Fichtel et al. 1975) rests ca our early
conclusion that within the region of the g2laxy interior to

the solar circle molecular hydroger not P ~ the dominant
constituent of the interstellar medium, Yoo 2r et al.
(1975) have pointed out that the distrib. [ ' of molecular

hydrogen derived from the CO observations . vers imilar
to the "missing" interst.’lar matter distrisutior :equired
to account for the covservel rise in y-ray et .. at
galactic radii 4 to 8 kpc. The consistent > . .ion of
hoth analyses 1s that at the peak in the mol. : ar :zloud
distribution (w = 5.5 kpc) perhaps 90% of the interstellar
gas 1s H, and as one moves outward in the galaxy the ratio
H:/HI decreases until at the solar circle the two abund-
ances are about equal.

In the following, we first review CO data obtained in
the galactic plane (b = 0) from which one derives the
radial distribution of CO (and H,) outside the galactic
nucleus. Then some of o.r most recent observations per-
taining to the z-distribution of molecular clouds are
discussed. Becuuse the CO emissioir from the galactice
center shows quite diffe- t charac®teristics from that seen
elsewere In trhe galactic plane, we have devoted a separate
sectlun (§U4) to aralysis of the emission seen at & < 3°.
And finally we are then able in §5 to estimate th. mass
and surface density contained in interstellar molecular
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hvdrogen by integrating the radial distrilution function
(§2) over galactic radius and z (§3).

1. Considerations for Infterpretation of CO Observations

It is in no way obvious that the CO intensities we
have observed at different positions in the galaxy should
be &« proportional indicator of gas column densities. Very
generally the line is found to be optically thick ana in
clouds having high gas density the intensities will, in
fact, correlate with gas temperatures not with gas
densities. On the basis of !'2C0 data alone it is impossible
to tell in what fraction of the clouds observed in tne
plane the CO is thermalized. Our limited '3CO data obtained
at three positions indicates that the CC is probably not
thermalized in roughly half the clouds.

6G34-:0,0-0 2
5r (0{0) y
al J
TA 3r 7
ok .
I -
XAWV\Vl '\ ™\

120 30
VELOCITY

T 1
i o
I b
o N ‘.,/\/\,/““"/\w\/w—’\

Figure 1: CO and '3CC spe:ira are shown for the direction
2=34°, b=0°, Note thabt thuere are :~ least five discrete
features in the CO spectra, each or» which has a counterpart
in '%C0. The negative dip «t v=20 km/sec in :he CO spectra
is caused by the presern': or CO emisslion at cvuat velocity in
the reference positior %° zhove the galactic plane. The in-
tensity units are Raylvi_b-Jeans entenna temperatures °K.
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/ -
‘fhe first figure shows emission of !'2C!®0 and the rarer ,
isotope !'3C!®0 obtained at the position & = 34°, b = 0°. et
The closest approach of this line of sight to the galactic -
center occurs at galactic radius 5.5 kpc near the moleculer ) ;k

- gradually:loses 1ts dependence on ny, altogether and o ‘ )
,“developb a linea: dependence on TK. T .

cloud maximum. The discrepancy between the observed
intensity ratios '?C0/'?C0O (ranging from 1/2 to 1/6 amongst ;
the five ®~atures seen in Figure 1) and the much lower valuc . Lo
of the interstellar cbundance ratio [!'32n/'2C0] = 1/40 Ce
(Wannier et al 1.76) imply that these !'?C0O lines are ‘ ¢
optically thick with t > €. Tt must be an imno:rtant 2c»- "ﬁ
sideration that the CO lires are optically thicx and the ' {:
observed brightness temperatures are, therefore, equal to

the excitation temperature characterizing the reiative PEEERREE
Jd =1and J = 0 level populations. ’

This excitation temperature is determined by the rate
of collisions of H, with CO, by spontancous radiative u=cay e
(Ayo = 6°107° sec™!) and by stimulated radiative alsorption
and emission. In the event that a cloud has np, < 3080 cm™ 2,
the collisions by themselves wou’d not be sufficient to o
thermalize the CO levels. However, if in this same region,- by
the CO lines are optically thick, a line nhoton will be o
absorbed and scvattered approximately T times bhefore it "
escapes the cloud. Thus osne may visualize that when this ~§
"radiation trapping" occursseach collisional excitation is R e
reolicated approximately T times and the observ=d excitation '
temperature will be in some manner proportional <o t. In a
more icchnical treatment of the excitation which solves the - : e
full equations of statistical equilibrium for CO (Scoville L )
and Solomon 1974), we have found that for a large regime . - 5
giving subthermal excitation of optically thick CO, ’ - £
(1) o

)00'\

T a (n

H, "'co
Therefore, if the abundance ratio ngo/ny, from cloud to o
clend, lb uonstant > | ‘E, ‘;

9+ 8 " ki
TB a nHZ S ‘( (2~) L L ! ‘;

As the densities increase and Tevcitation = Ty, then TB - ) -

[

B ® Taxcitation

- [

-In most of the ciouds ‘outside of ‘vhe galactic r.icleus ?’f,w L e
(§ﬂ), we feel that the densities ars insufficlent for - e :
complete thermalization and therefore an intnition" which :
assoclates incrcased 'CO intens*ty with increased gasrg;.( i
dexsity seems reasonable thoL fit 1% mardly pPOVGQﬁ"w’ T e

!
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Figure 2: The intensity of CO emission along the galactic
equator is shown as a function of longitude and velocity.
Molecular emission tends toward lower longitudes and more
positive radial velocities as compared with 21 em (see Kerr
1969), indicating that the molecules are concentrated toward

the center of the Galaxy.

A verslon of this figure spanning

more velocities (£300 km s~ '), and therefore containing the
full range found in the galactic center, may be found in

Scoville (1975).
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2. The Radial Distribution of Molecular Gas

The entire run of data from our earlier observations in
the galactic plane (£ = -10° to +90° sampled once every
degree with a 1 arcmin beam) can be displayed in a single
longitude-velocity diagram (Figure 2). 1In this representa-
tion a single spectrum observation constitutes a horizontal
line of shading. One sees both intense, high velocity
emission arising from molecular clouds in the galactic center
(® < 300 pc; see Scoville, Solomon, and Jefferts 1974) and
many individuai, less intense features which were sampled
in the galactic plane outside the center.

1
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Figure 3: The mean CO antenna temperature as a function of
radius ' the Galaxy ® was calculated using the Schmidt
(1965) rotation law to transform &, v in Figure 2 to B. We
use only data at & > 10° in order to exclude the galactic
center where much of the gas clearly is not in pure rotation.
Note the sharp peak in CO at radius of 5.5 kpe and dramatic
falloff toward the Sun and beyond. The vertical scale may
also be ccnverted to H; surface density through a normali-
zation to 25 My pc™? at the 5.5 kpc peak (see §5).

A worz useful representation of the CO emission for
comparison with y-ray observations is obtained by using the
Schmidt rctation law to transform from the 2, v coordinates
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of Figure 2 to galactic radius (Figure 3). This figure
provides our best indication of the molecular gas distri-
bution in the galactic plane outside B = 3 kpc. The verti-
cal scale of Figure 3 may be approximately transformed from
<Tp> to ny, by setting ny, = 4 cm™3 at the 5.5 kpc peak
(Scoville and Solomon 197%) This H, distribution matches
well that of other population I components excepting

atomic hydrogen (see Figure 4). It is very similar to the
distribution of discrete HII regions (Mezger 1970), diffuse
ionized gas (Westerhout 1958 and Lockman 1976), and is
consistent with the pulsar distribution 6ieradakis, this
symposium and Hulse and Taylor 1976). And most important

(2]
I
o
@

n

S 5
S N
JHI dz (102! em™®)

HI REGIONS/(KPC)2

14

o (KPC)

Figure U4: The surface density in giant HII regions (shaded
area, Mezger 1970) and free-free continuum radiation (see
Figure 16 in Westerhout 1958) show a remarkable similarity
to the radial distribution of CO (Fig. 3). 1In contrast the
HI surface density varies little with galactic radius (Van
Woerden 1965).

for the discussion at hand, the H, distribution is identical
to the y-ray emissivity (Stecker et al. 1975) within obser-
vational errors and the uncertainty involved in unfolding
the y-ray longitude distribution. All of these results have
been confirmed by the finer spaced, higher sensitivity CO
observations of Gordon and Burton (1976) at b = 0 and our
most recent, higher sensitivity observations in 1 and b
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(Solomon, Scoville, and Sanders 1976).
3. The Thickness of the Molecular Gas Disk

A major shortcoming of the published CO observations
when making a comparison with y-ray data is that the 1
arcminute CO beam observed only the galactic plane, whereas
the y-ray data has a much lower angular resolution - in-
cluding contributions from over 5° degrees of latitude. Our
newest observations and those of Cohen (1976) are, therefore
especially addressed to estimating the thickness of the
molecular cloud layer. We have observed along strips per-
pendicular to the galactic plane from b = -1 to +1° every
even degree of longitude in the range 2 = 0° to 50°. Though
we have yet to fully analyze these new observations, samples
in the form of integrated line intensities are shown in
Figures 5 and 6 and tabulated in Table 1.

>

Interpreting the intensity integral as a proportional
indicator of the molecular column densities we may use this
data for estimating both the thickness and the central
latitude of the clouds. The full width in latitude to half-
intensity varies from 0°7 to 190 (excluding % = 0°). The
mean latitude of this emission significantly deviates from
the galactic plane in the longitude range 20° to 40° where
<b>= =092 and most of the emission integral is contributed
by gas in the 4-8 kpc ring. This amounts to a displacement
<Z> of 40 pc below the plane. From the latitude thickness
of the emission observed near the terminal velocity¥* at many
longitudes & = 10 - 50° we have estimated that half-density
points on either side of the plane are separated by 105¢15
pc at radii 4 = 8 kpc. This 33 in agreement with the crude
value of 130 pc found in our earlier survey (Scoville and
Solomon 1975) and the estimate of 118 pe found by Burton
and Gordon (1976) from data at & = 21°. A more sophisti-
cated analysis of the data at all longitudes is planned in
order to search for systematic variations of the scale
helght with galactic radius (Solomon, Scoville, and
Sanders 1976).

Perhaps a most relevant quantity against which one
should compare the y-ray observations 1s the double integral
of the line intensity over all velocities and over galactic
latitude (last column of Table 1). That the longitude

*Emission at the highest positive velocity in each line-of-
sight with & < 90° is produced at the point of closest
approach to the galactic center. Therefore, the distance to
gas producing emission at these "terminal" velocities 1is
unambiguous.
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Table 1

Sample Data on the Latitude Distribution of CO Emission

. [Tp dV at b = 0° <b> {db[TA av_
(Kekm s~ 1) (*) (10°°+Kekm s™!)
0° 1200 0 29
1° 775 0 31
10° 200 -0.2 15
22° 170 -0.3 13
30° 200 -0.1 7.4
36° 110 -0.2 4.y
420 70 -0.3 3
50° 37 -0.1 1

dependence of this double integral is similar to the longi-
tuae distribution of 100 Mev y-ray emission argues most
persuaslively 1in favor of the y-rays being produced within
molecular clouds. Indeed this is perhaps the most direct,
straightforward comparison one can make. The alternative of
comparing the radial distributions of y-ray and CO emissi-
vitlies which we have used In the past requires an assumption
of azimuthal symmetry about the galactic origin. For a mere
comparison of the two observations, the unfolding of both
sets of data (in different ways) does not zain anything.

4, The Galactic Center

One enilgma in the comparison between CO and y-ray
emissions still remains. Within the inner 3° of longltude
about & = 0° there 1s a system of very dense, massive clouds.
Here the integrated CO emission 1is therefore 2-3 times the
value at & = 10 to 30° (Figure 7 and Figure 5) yet the y-ray
emisslon varies less than 50% over the same longitudes. In
interpreting the CO emission elsewhere in the galactic plane,
1t was convenlent to imagine that all clouds had a similar
klnetic temperature which was slightly above the observed
brightness temperatures. One could justify this assumption
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observationally on the basis that all lines observed were
weak (most had Tp < 4°K). However, in the galactic center
clouds the assumption 1s clearly not valid inasmuch as
several of the CO features have Tp 2 20°K. In this region
there are also several infrared sources (eg. Hoffman et al.
1971) of sufficiently high luminosity to heat the dust and
gas to > 30°K. And if the CO transition is close to ther-
malization, a change in Ty can bring about an equal change
in the observed Tp(CO) without any change required in ny,
(see §1). We therefore judge that the increase in CO
emission going from & > 3° to & < 3° does not accurately
reflect column density variation but instead is due la- gely
to kinetlc temperature changes. We have previously obtained
the total mass 4-107 - 10°® Mg of H, inside L = 3° from
analysis of detailed CO and '3CO observations there
(Scoville et al. 1974).

5. Molecular Cloud Densities and Mass

An important feature of the molecular hydrogen distri-
bution, as deduced from the CO observations, 1s the extreme
concentration of gas into clouds. The fraction of space
flilled by clouds 1s approximately 0.007 near the peak 1in the
4-8 kpc region with a mean molecular hydrogen density within
the clouds of 670 cm™® corresponding to a smoothed-out
density of 2-5 cm~® (see Figure 3 and Scoville and Solomon

1975). The corresponding number derived by Gordon and
Burton (1976) is 2 em™3.

The relative abundance of CO within clouds is
[CO/H2] = 3+107°%, This abundance ratio must itself depend
on the density and opacity of the eloud. Low density or
low opagcity clouds of the type observed by the Capernicus
satellite (cf. Jenkins in this symposium) have a much lower
[CO/H2] ~ 1078 and therefore have much weaker CO emission
per H, molecule. The mass of H; in these low opacity clouds
is an additional component to that determined through
millimeter wave CO surveys.

Combination of the measured width and density estimate
(4 H, em™*) yield a mass density of 25 Mg pc~? at 5.5 kpe
(see Figure 3). And integrating this surface density
function over the galactic disk, we find a total mass of
3¢10° Mg in interstellar H, interior to the solar circle.
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Figure 7: The very strong emission from the galactic center

may be appreciated in this graph of integrated intensity as a
function of galactic longitude at b = 0.
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ABSTRACT

Several current problems concerning the overall distri-
bution of hydrogen in the Galaxy are discussed in general
terms. These problems include the degree of saturation
characterizing low-latitude emission observations of HI,
and the optical-depth corrections to the derived column
and volume densities; the amount of fine-scale velocity
and spatial structure diluted by the instrumental limita-
tions of the presently available surveys; and the general
problem of detailed mapping of the HI in the Galaxy. Com-
parison is made between the distribution of HI and that

of CO and several other galactic tracers. Atomic hydrogen
is unique in its distribution, instead of being typical of
wany Population I constituents. The galactic disk as de-
fined by atomic hydrogen has a diameter fully twice as
large as that defined by the ionized and molecular states
of hydrogen, as well as by other molecules, supernova
remnants, pulsars, y-radiation, synchroton radiation, and
the youngest stars. It is also less confined to the
galactic equator than most of the other constituents. The
degree of small-scale structure apparent in the molecular
observations is much greater than in the HI observations.
Paramcters describing the small-scale structure have been
determined using Monte Carlo techniques to simulate the
observations.

* QOperated by Assaciated Ualversities, Inc., under contract with
National Science Foundation.
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1. Observations of the A2l-cm Line of Atomic Hydrogen. A spectral
line of wavelength 21 cm is produced by the well -known hyperfine tran-
sition of neutral atomic hydrogen (HI). Observations of this line give
intensity, usually expressed as either antenna or brightness tempera-
ture, as a function of frequency Doppler-shifted from the line's
natural frequency of 1420.406 MHz. The measured frequency shifts are
converted to radial velocities (1 km s~1 = -4.74 kHz at A21 cm) usually
expressed, in Milky Way studies, with respect to che local standard of
rest. Observational narameters of the major low-latitude HI surveys
have been tabulated by Kerr (1968), by Burton (1974a,b), and--for the
central region of the Galaxy--by Simonson (1974).

Observations from Westerhout's (1973) high-resolution survey of
the galactic disk are represented in Figure 1 and show HI emission from
the portion of the galactic equator accessible to the NRAO 91-m tele-
scope. These observations illustrate the ubiquitous distribution of
atomic hydrogen in the Galaxy. HI emission ¢ n be observed easily in
any direction on the sky, and, although transformation from the observ-
ed velocity distribution to a spatial arrangement is very difficult,
no region in the galactic disk has been identified as empty of HI.

2. Motions Affecting the A2l-cm Line., A number of mechanisms broaden
the 2l-cm line from its negligibly small natural width of 10~16 km s-1,
The overall width of the HI line is determined at low latitudes by
differential galactic rotation and is typically 150 km s~l. To an ap-
proximation valid to first order over most of the Galaxy, the motions
of material are such that the linear totational velocity, O(R), depends
only on distance, R, from the galactic center. The rotation curve for
R < Ro has been gotten from 2l-cm observations. The method (reviewed
by Burton 1974a) involves measuring the terminal velocities, v¢, con-
tributed by material on the locus of subcentral points, where R =

Ruin = Ro |sin %], and where the linear rotational velocity is directed
entirely along the line-of-sight. The observationally derived rotation
curve is O(Ro[sin &|) = |vy| + 95|sin 2|, where 0, and R, refer to the
observer's location.

Terminal velocities derived from 2l-cm measurements at b = 0°,
A% = 0%2, are plotted in Figure 2. The line in the figure represents
the terminal velocities predicted by the smooth rotation curve tabu-
lated by Gordon and Burton (i976). Deviations of the observed terminal
velocities from this line should be attributed to deviations from cir-
cular rotation (see Shane and Bieger-Smith 1966). The deviations

Figure 1. Grey-scale representation of HI emissiun iniensities in

longitude-velocity coordinates at b = 0°, 11° < i  234°, constructed
from Westerhout's (1973) observations.
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which are not systematic over more than a degree or two of longitude
can mostly be associated with known HII regions. The deviations which
show a systematic trend over more than several degrees are apparently
streaming motions induced by the gravitational torque of large-scale
density fluctuations in the overall galactic mass distribution
(Barbanis and Woltjer 1967, Yuan 1969, Burton and Shane 1970, Burton
1971). 1Indeed, these irregularities provide the most convincing direct
evidence for the validity in our Galaxy of the density-wave theory.
Other arguments motivated by the 2l-cm observations are less direct.
The density-wave itself has not been directly studied since the ex-
pected 57 mass variation (Lin et al. 1969) in the old to moderately old
disk stars is not detectable with present techniques. Some of the ob-
servational consequences of this theory for our Galaxy have been review-
ed recently by Burton (1973; 1974a,b; 1976), Wielen (1974), W. W.
Roberts (1975), and Kaplan and Pikel'ner (1974).

If it is correct that the two major perturbations in the v, longi-
tude variation are due to motions induced by spiral arms, then the lo-
cations of there perturbations at & ¥ 52° and % % 35° provide the tan-
gent directions to two spiral arms. This quite circumstantial evidence
seems to be the best from 2l-cm observations for the existence of
spiral arms in our Galaxy, at least in the portion of it at R < R,.

The terminal velocities derived from observations in the longitude
quadrant 270° < & < 360° show irregularities somewhat differently
placed, although of about the same amplitude, as those found from the
wrthern-hemisphere observations. There 1s also a well-known syitpmatic
difference between the two sides of the Galaxy of about 7 km s — over
the subcentral-point region between R = 5 and 8 kpc (Kerr 1969). Manabe
and Miyamoto (1975) discuss attempts to find a dynamical explanation of
this kinematic asymmetry.

Streaming motions of the sort which influence the terminal ve-
locities are known from a wide variety of observations to be common
throughout the Galaxy. Although the amplitude of these motionms,
~5-8 km s‘l, is only about two or three percent of the rotational ve-
locity of the Galaxy, their occurrence nevertheless has a profound in-
fluence on the appearance of the observed 2l-cm profiles. Thus the
shape of any observed HI profile can be modelled, with no fluctuations
in the hydrogen density, by suit.>le--and plausible--adjustments to

—
Figure 2, Upper panel: Variation with longitude of the total-velocity

integrals /Tdv calculated from the HI observations of Westerhout (1976).
Lower panel: Variation with longitude of the terminal velocities,
representing material along the locus R, sin &, The full-drawn line cor-

responds to the perturbation-free rotation curve tabulated by Gordon
and Burton (1976).
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the galactic velocity field (Burton 1971, 1972; Tuve and Lundsager
1972). Although density fluctuations are bound to be present, the
kinematic irregularities of the sort known to be present throughout

the Galaxy play a predominant role in determining the shape of the
observed profiles.

3. Detailed Mapping of the HI Spatial Distribution. One of the major
results sought from observations of HI emission is a transformation of
features in the observed intensity-velocity profiles to the correspond-
ing spatial distribution of HI density in the Galaxy. The procedures
involved in making this transformation require that the profiles be
decomposed into physically significant individual features, that these
features are contributed directly by density concentrations in space,
and that the velocity field is well enough known in advance that ac-
curate kinematic distances can be derived. These requirements are very
difficult to satisfy. 1Isolation of individual features in the heavily
blended low-latitude profiles is itself in general a tedious chore,
producing results which in many cases are somewhat tentative. Even
after the separation is accomplished (obviously a necessary first step
to detailed mapping), the relative contributions of the various phy-
sical parameters to the separated profile features remain problematic.
If the motions are gravitationally induced in the sense of the linear
density-wave theory, the resulting spectral feature will furthermore in
general occur at a velocity inthe profile different from that correspond-
ing to the center of HI mass of the structural feature (Burton 1972).
If the motions are those predicted by the non-linear density-wave
theory, one structural feature can contribute multiple peaks to the in-
tensity-velocity profile (W. W. Roberts 1972). Variations in the ef-
fective HI temperature can also influence the appearance of the line
profiles; structural features could even appear as minima instead of as
peaks in the profiles in some directions in the not implausible situa-
tion that cold clouds are concentrated near minima of the gravitational
potential. Line profiles also show some features which result simply
from the geometry of the transformation from space to velocity coordi-
nates (Burton 1971). Examples of such model-independent features ap-
parent in Figure 1 include the intensity-ridge near v = 0 km s~1 at

2 < 90°, the persistently enhanced intensities near the maximum veloc-
ities at % < 90°, the pseudo-feature centered on & ~ 75°, and the en-
hanced intensities near ¢ = 180°.

These procedural difficulties do not mean that the structural
characteristics of low-latitude HI are inaccessible, although it does
seem important that the definiteness of the 2l-cm derived picture of
our Galaxy's spiral structure not be over-rated. In general a grand-
design of a spiral nature in the overall HI distribution is not yet
established. In particular there is little comprehensive evidence for
a spiral structure of HI concentrations at R < Ry, where because of the
double-valuedness of the velocity~distance relationship, the procedural
difficulties become more important. Values applicable on a galactic
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scale for the spiral arm tilt angle, radial separation, and arm-interarm
‘ensity contrast are indirectly available from 2l-cm observations, al-
though the specific values depend on the validity of working hypotheses,
on extrapolation over large portions of the Galaxy, or on theoretical
justifications. It is also not clear how representative the solar re-
gion (r £ 1 kpc) is of the Galaxy as a whole. Thus there is no con-
sensus (but many opinions) on the location of the Sun with respect to
the nearest spiral arms; specification of our location in the overall
galactic design is important if, as seems plausible, the parameters

of the interstellar medium are regulated by passage of a spiral density
wave and the associated compression zone. It is worth noting, however,
that the mapping difficulties are pri.arily procedural. The kinematic
irregularities characteristic of our ..alaxy are remarkably less severe
than those commonly found in other sp:i -al galaxies (see e.g., Bottinelli
1971). Similarly, the Galaxy is found to be quite symmetric on a large
scale (relative to the situation pertaining in many other spiral gal-
axies) when comparison of the total vei.ocity extent, or of the total in-
tegrated emission, is made between data measured at b > 0° with that at
b < 0°, or when data at 0° < £ < 180° is compared with that at 180°

< 2 < 360°.

4. HI Column and Volume Densities Near the Galactic Plane. The HI
column density is given by Nyr = 1.823x1016 ST 1(v) dv em~2 and is in
general not a measured quantity because the kinetic gas temperature, Tg,
and the optical-depth profile, t(v), generally are not measurable. Only
in the case of a profile optically thin at all velocities does Nyy be-
come uirectly measurable through the profile integral STg(v)dv, since
in this case the observed brightness temperature profile, Tg(v) = Ty
(l-exp (-t(v)), is ® TkT(V). The volume density smoothed over a path
of length Ar is gotten from STg(v)dv/Ar. Densities derived under the
assumption of spectral thinness will underestimate the true amount of
HI. The degree of saturation depends strongly on the characteristics
of the space-to-velocity transformation inherent in the observations,
and thus ca longitude and latitude. In the limiting case of complete
saturat. ., Tg(v) = Ty, and ST(v)dv/Ar = Ty | v|, where Av is the ve-
locitv extent of the portion of the Erofile considered. The arrange-
ment of the geometrical parameter l%ﬁl in the galactic disk is what de-
termines, through '"velocity-crowding”, the model-independent profile
eatures mentioned in the preceding section. For ecample, as & - 0°,
a% + 0° over most of the line of sight; the increasing saturation re-
sults in the decreasing values of the total profile integrals plotted
in Figures 2 and 3 at low %&. The condition of optical thinness is
probably e¢ncountered only for certain velocity segments of most 2l-cm
profiles observed near the galactic plane, although at higher latitudes,
T(V: < 1 is a realistic first approximation.

The spatial distribution at |b| X 10° of the profile integrals de-
rived from observations made by Weaver and Williams (1973) is plotted
in Figure 3. At these latitudes, t(v) v 1 is not uncommon, so that
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optical depth effects become important. An estimate of the degree of
saturation in fact characterizing the low~latitude HI profiles can be
found from the controlled conditions inherent in synthetic profiles.
Many aspects of the projection on the plane of the sky of HI emission
observed at low latitudes are approximately reproduced by synthetic
profiles accounting for the radiative transfer effect of a smooth dis-
tribution of gas with Ty = 120 K, a peak density ngy = 0.33 cm‘3, ro-
tating according to a basic rotation curve corresponding to the smooth
line in Figure 2, with the z-distribution given by Baker and Burton
(1975). The total-velocity integrals from such synthetic profiles are
shown in the lower panel of Figure 3. The overall distribution of the
synthetic-profile integrals is approximately the same as the observed
overall distribution of the total-velocity integrals plotted in Figure

3. Thus the saturation characteristics known for the model profiles
can be used to determine corrections which should be applied to the ob-
served profile integrals to give volume and column densities.

The volume density npj(R) and the line-of-sight column density
NHI(Q), corrected for the effects of partial saturation, are plotted in
Figure 4. These quantities refer to the locus of latitudes where the
total profile integral in the Figure 3 observations is largest. The cor-
rection for partial saturation is greater at R < R, because of the
double~valued nature there of the velocity-space relationship. The
(beam-smoothed) density of the neutral hydrogen gas remains roughly con-

0.45.._I|IIIIIIIIIITIIIIII_ 24' LN BRI LA 7]
0.40\ : 22 .
035f ] ﬁg ]

~ 030 CORRECTED [ 1% e CORRECTED 1
0.25F : ' 1 % W .

— [ 1 - -4

'___3:"0'20 j ,_E. :(2)_ : \'“',. .

: & o s unoomkecrep
'f & ) 8r EXCRX il
L ] 6"*.~;.~‘ 4
. at .
2t -

’ 0] UL S R PO S WU S S ROV W U VY S W T S JO
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R (kpc) 4

Figure 4. Large-scale distribution of HI volume and column densities

in the Galaxy. The densities labelled "corrected" contain an adjust-
ment for optical-depth effects determined from the controlled con-
ditions inherent in model-fitting. The values refer to the latitudes
of maximum STdv of the observations in Figure 3. Substantial densities
of HI exist at R > 10 kpc and at % > 90°, contrary to the situation per-
taining for many other disk-population constituents,
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stant over the major part of the galactic disk. This is in marked con-
trast with the distribution of total mass density, which increases
strongly toward the galactic center. The HI decrease in the inner parts
is a characteristic the Galaxy shares in common with all other spiral
galaxies for which projected HI surface densities have been measured

(M. S. Roberts 1974). In particular, the corrected nyy(R) distribution
for our Calaxy has quite the same form as that observed in the nearby
spirals M31 (M. S. Roberts 1974) and M81 (Rots 1975).

5. Beam Dilution in Low-Latitude HI Profiles. Although HI emission
measurements sample long lengths of path through the galactic layer,
the heavily blended nature of the profiles is such that individual
small-scale structure is evident at low latitudes only in special cases.,
The bulk of the information on the details of the interstellar medium
is derived from observations of the solar neighborhood. This limita~—
tion is arbitrary, being imposed on most optical measurements by ex-
tinction and, at X1 cm, by the relative simplicity of high-latitude
profiles. Analyses of high-latitude profiles routinely allow for a wide
range of temperatures, densities, and sizes of emitting HI regions (see
reviews by Helles 1974 and by Verschuur 1974).

All of the major surveys of HI galactic disk emission have been
made with beamwidths varying from about 12' (300-foot telescope) to
~v1° (60-foot telescope), and with velocity resolutions generally about
2 km s~1. These beamwidths correspond at a distance of 5 kpc to
lengths of 17 pc and 87 pc, respectively. It is not yet completely
clear to what extent the limitations of angular and spectral resolution
have affected the analyses of these surveys. The limitations imposed
by the angular resolution seem the more important. Thus very little
additional structure appears in a conventional beam if the spectral
resolution is increased beyond 2 km s~l. This practical limitation on
the necessary spectral resolution is illustrated by Figure 5, where
profiles are plotted which were measured with a velocity resolution of
0.17 km s~1 (Lockman and Burton 1976)., No fine-scale structure is re-
ve.led by these measurements. Indeed, HI spectral features observed
at low latitudes rarely have dispersions less than ~3 km s™l; thus, as
is generally the case in radio spectroscopy, the widths of individual
features are greater than those expected solely from thermal broadening.
Unresolved turbulent elements would contribute to the broadening of ap-
parently isolated features.

Substantial additional structure is revealed by measurements made
with angular resolution higher than that used in the previously avail-
able surveys of HI emission. The rewly resurfaced Arecibo 1000-foot
telescope offers a 3!5 beamwidth at A21 ecm . A comparison is made in
Figure 6 between observations made with a 37' beam (Weaver and Williams
1973) and ones made of the same region of the sky, and with the same
rasolution in velocity, with the Arecibo telescope (Baker and Burton
1976). Although there are many low-latitude structures with angular
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Figure 6. Comparison showing the widespread occurrence of small-scale
HI structures. Upper panel: Latitude-velocity distribution at 2 = 52°
constructed from the 2l-cm observations of the Hat Creek survey of
Weaver and Williams (1973). The 37' beamwidth and 2.1 km g~1 velocity
resolution are indicated by the cross in the upper right-hand corner.
Lower panel: Latitude-velocity distribution at & = 52° constructed
from observations made using the Arecibo 1000-foot telescope (Baker
and Burton 1976). The profiles entering the lower panel where smoothed
to the same spectral resolution as those in the upper panel. The 3!5
beamwidth reveals substantial additional structure. At a distance of

5 kpc, representative for low-latitude investigations,. 3!5 subtends a
length of 5 pc.

scales greater than 1° (see also Figure 1 and the upper panel of Figure
2), these structures show much fine-scale internal structure. An ex-
tensive series of Arecibo observations will provide direct measures

(or at least limits) of length-scales of HI emission regions and com-
plexes (Baker and Burton 1976).*

Aspects of this problem have been considered in a less direct way
by Baker and Burton (1975). They emphasized that the cold, opaque HI
regions revealed in large numbers by absorption measurements (see e.g.,
Radhakrishnan 1974), which are made against distant continuum sources
of vanishingly small angular size, must be strongly beam-diluted in
the emission profiles, Otherwise the emission profiles would be satu-
rated; they are observed to be (effectively) optically thin.

6. The Galactic Distribution of Carbon Monoxide and, by Implication,
of Molecular Hydrogen. Although 2l-cm observations of atomic hydrogen
show HI to be an ubiquitous tracer of a number of galactic character-
istics, they cannot give the true amount and distribution of inter-
stellar hydrogen. This is partly because cool HI is under-represented
in the 21-cm observations, but it is much more important that large
amounts of molecular hydrogen do not contribute at all to the 2l-cm
line. Hjp is the most stable low-temperature form of the most abundant
element in the interstellar medium, and undoubtedly predominates over
all other material in optically opaque, cool, compressed regions where
the molecule is shielded against photo-~dissociation after formation

on grain surfaces (Solomon and Wickramasinghe 1969, Hollenbach et al.

* The National Astronomy and Ionosphere Center is operated by Cormell
University under contract with the National Science Foundation. The
observations in Figures 5 and 6 represent a preliminary reduction; in
particular, the intensity scale is uncalibrated.
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1971). Hy has no observable transition in the radio or in the optical
windows. Direct observations of Hy Lyman absorption bands in the
ultraviolet spectra of reddened stars have been made first from rockets
(Carruthers 1970) and extensively from the Copernicus satellite
(Spitzer et al. 1973, Spitzer and Jenkins 1975). Ultraviolet extinct-
ion due to interstellar dust limits such observations to material within
a kpc or so of the Sun. CO, the next most abundant interstellar
molecule, is also concentrated to cool, dense regions where it is self-
shielded against radiative dissociation. The most important source of
excitation of the CO line involves collisions with Hy (Goldreich and
Kwan 1974, Scoville and Solomon 1974). Thus the observable abundance
distribution of CO provides by implication some aspects of the distri-
bution of H,.

Observations made along the galactic equator of the J = 1+0 rotat-
ional transition of 12CO at 2.6 mm (115 GHz) are shown in Figure 7.
The NRAO 1l-m telescope has at this wavelength a beamwidth of 65"; how-
ever the effective resolution of Figure 7 is set by the "l2' longitude
interval between spectra, which is the same as the 12' beamwidth of the
91-m telescope at 21 cm characterizing Figure 1. Certain salient
characteristics of the CO distribution which distinguish it from the HI
distribution are apparent from these observations (see Scoville and
Solomon 1975, Burton et al. 1975, and Gordon and Burton 1976a).

The most striking difference between the overall HI distribution
and that of CO is that the CO flux is much more confined to the inner
Galaxy. The relative radial abundance of CO is shown in Figure 8. The
mean radius of the distribution i1is R = 5.9 kpc; 667 of the accumulated
emission originates between 4 and 8 kpc, where the abundance has fallen
to its half-maximum level. The abundance distribution is skew, fall-
ing off less sharply at R > 7 kpc than at R < 5 kpe, At R > 10 kpc,
generally corresponding to the portion of Figure 7 at & > 0°, v < O
km s“l, very little CO is observed outside of the galactic nucleus. 1In
addition, the CO disk is substantially thinner in the z-direction than
the HI disk (see Figure 9).

The radial distributions of several other galactic tracers which
can be observed along transgalactic paths are also plotted in Figure 8,
Within the uncertainties of the observations, the galactic radial dis-
tribution of molecules, distributed ionized hydrogen, giant HII regions,
supernova-remnants, pulsars, yY-radiation, and synchrotron radiation are
roughly equivalent. The extent of the galactic disk is for HI approxi-
mately twice as large as the extent measured for these other tracers.
It is clear that the chemical composition and physical state of the
interstellar medium show great variations even on a galactic scale.
It is necessary to distinguish between compressed material, confined to
the inner Galaxy and representing recent or current phenomena, and
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atomic hydrogen, whose fundamental distribution extends to much larger
distances. Instead of being the prototype For the distribution of the
constituents of extreme Population I, the distribution of atomic hydrogen
seems unique (see Burton et al. 1975, Burton 1976, Stecker 1976). The
general picture emerging for our Galaxy is in these respects consist-

ent with the morphological information available for external galaxies.

There is so far no straightforward, comprehensive, or conclusive
evidence for spirality on a galactic scale of any of the inner-Galaxy
tracers. Probably of the distributions corsidered that of CO is the
most basic representative of the compressed Population 1. Extensive
an' detalled observational material should become available for CO with-
in the next few years. If the inner Galaxy {s characterized by a grand
design of a spiral form, It {s reasonable to expect that this would be
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demonstrated by observations of CO because of the high angular resolut-
ion at 2.6 mm, the relatively low characteristic velocity dispersion,
the abundance of CO, the accessibility of long lengths of path, and the
expected confinement to rather narrow zones of high compression. Fig-
ures 8 and 11 show that the CO apparently is not confined to the narrow
zones which are predicted to trace the compression due to the passage
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Figure 9, Comparison of CO and HI latitude-velocity distributions in
the direction & = 21°, chowing that the z-thickness of the neutral hy-
drogen layer is about twice that of the carbon monoxide layer (Burton
and Gordon 1976a). The HI observations are from the survey of Weaver
and Williams (1973).
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of a galactic density-wave.

It is particularly puzzling that the run

with longitude of terminal velocities, calculated from the CO observa-
tions and plotted in the lower panel of Figure 11, shows large-scale
irregularities of the same form as those found for the HI and plotted

in Figure 2,

If the CO kinematics were governed by a galactic shock,

then it seems reasonable to expect that this would be indicated by

terminal~velocity perturbations of larger amplitude and narrower extent

in longitude than found for the neutral gas.
have recently considered several consequences of the CO terminal ve-~

locity variation.

Bash and Peters (1976)

Another important difference between the Figure 1 HI observations
and the Figure 7 CO observations concerns the amount of small-scale

structure apparent. Although much detail may be unresolved in the HI ob-

o 18
(Mopc_z) 450 o, . M3'5 T T T T T ]
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Figure 10.

summarized.
dynamically by Innanen (1973).

Radial distribution of projected surface densities and dif-
ferential masses of atomic and molecular hydrogen.

This figure is from
Gordon and Burton (1976a), where the several important uncertainties

inherent in the derivation of Hy densities from observations of CO are

Also shown is the total-mass surface density oy predicted

—————

Figure 11. Upper panel: Variation with longitude of the total-velocity

integrals STdv calculated from the CO observations of Figure 7.
panel: Variation with longitude of the CO terminal velocities.

Lower
Com~

parison with the HI terminal velocities plotted in Figure 2 shows that
the compressed molecular material is characterized by the same overall
kinematics as characterize the much more ubiquitous atomic hydrogen.
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servations, features extending over many beamwidths are nevertheless
common. The CO observations show few extended features. The small-
scale irregularities in Figure 11 mainly represent characteristics of
the CO distribution, not measurement errors. The characteristic apnear-~
ance in the CO spectra of isolated features allows estimates to be made
of the characteristic size and separation of the emitting clumps.
Burton and Gordor (1976a,b) have modelled the CO observations by gen-
erating synthetic profiles correspci.ling to a stochastic assemblage of
dark clouds (see Baker and Burton 1975). The stochastic distribution
is governed by the probability of finding a cloud in a particular inv
terval, of length Ar, along the line of sight:

_ _Ar 1
P12 T Aeo® -

Here ACO(R) is the (normalized) radial distribution of CO plotted in
Figure 8, f(r) is the telescope beam-filling factor, and <d> is the
average separation between clouds at the mode of the Apg(R) distribut-
ion. The kinematics of the clouds are governed by circular galactic
rotation and a motion of one cloud with respect to another character-
ized by a dispersion Oc«sc. Each cloud has an internal velocity dis-
persion of o,. Using preliminary determinations of these parameters,
Burton and Gordon (1976a) have modelled several characteristics of the
CO observations., Figure 12 shows that the small-scale irregularities

in the synthetic-profile integrals and the modelled terminal velocities
are approximately the same as those observed. The model assemblage con-
sists of clouds each having a diameter of 5 pc, an excitation tempera-
ture of 16 K, a representative optical depth of 5, an internal disper-
sion of 2.5 km s’l, a cloud-to-cloud motion of 4 km s~1, and a cloud-to-
cloud separation of 200 pc at the peak of the Apg(R) distribution.

7. The Distribution of Carbon Monoxide within 10° of the Galactic
Center from T. M. Bania's Observations. The J = 1+0 rotational transi-
tion of the 14Cl% isotope of carbon monoxide has been surveyed at

2 = 0° in the inner region of the Galaxy by Bania (1976). The observa-
tions, which extend over the range 10° > % > 352°, are shown in Figure
13 in the form of a velocity-longitude contour diagram. Also shown in
the figure is the observed velocity-longitude behavior of 2l-cm neutral
hydrogen emission for the same region of the Galaxy. Although the tele-
scope beamwidths for the CO and HI observations are quite different,
being 1' and 20' of arc, respectively, the angular sampling resolution

ctffr—

Figure 12, Longitude variations of the total-velocity integrals and of
the terminal velocities calculated from synthetic line profiles con-
structed to mimic the CO observations. The model CO distribution con-
sists of discrete clouds distributed stochastically as discussed in

the text (see Burton and Gordon 1976a). The symbols v in Figures 11
and 12 refer to profiles for which no terminal velocity was determined
because of the lack of an emission feature more intense than 1.2 K.
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Figure 14. Observed longitude dependence of the integrated intensity

of 12¢160 emission in the inner Galaxy (Bania 1976). The symbol indi-

cates the magnitude of a one standard deviation measurement error.

of both sets of observations, AL = 022, is the same. The similarity of
the distribution and kinematics of the CO and HI emission is striking.
Apparently the regions wherein atomic hydrogen is converted to molec-
ular hydroger do not possess large velocity anomalies. The overall
velocity-longitude behavior of both CO and HI is dominated by diffeien-
tial galactic rotation since the major portion of the emission observed

occurs at positive velocities for 10° > & > 0° and at negative veloc-
ities for 352° < % < 360°.

Some extended kinematic features common to both the CO and HI emis-
sion data and which are discussed in detail by Bania (1976) include
(1) the 3-kpc arm; (11) an anomalous cloud at & = 355°, v = 100 km s‘l,

moving at a velocity forbidden by circular rotation; and (iii) the
well-known nuclear Jisk feature.
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The longitude dependence of the integrated intensity of 12C160
emission in the inner Galaxy is plotted in Figure 14 (Bania 1976). The
intense peak near & = 0°, with a half-width of about 1°5, probably
arises from CO lying within 350 pc of the galactic center (see Liszt
et al. 1976). The background integrated intensity at the level indica-
ted by the line in the figure at 200 K km s~ is consistent with the
accumulation along the line of sight of the annular disk of CO (see
Figure 8), with no additional contribution from the region R § 2 kpc.

8. The Galactic Distribution of Ionized Hydrogen from F. J. Lockman's
Observations of the H166a Recombination Line. Ionized hydrogen, in
concentrations sufficiently dense to produce measurable radio recombi-
nation lines, is associated with very young, hot stars, and thus
identifies sites of recent star formation in the Galaxy. 1In addition
to the rather dense compact HII regions which have been studied in
radio sourveys of, for example, the H10%: recombination line, the in-
terior part of the Galaxy contains larger regions of more moderate
density ionized hydrogen. This lower density material is most easily
observed in recombination lines at frequencies near 1 GHz, and al-
though the emission is quite weak, it is seen at enough locations to be
a useful tracer of both the velocity field and the overall level of
star formation in the Galaxy. A survey of part of the galactic plane in
the H166a recombination line near 1.4 GHz has recently been completed
(Lockman, 1976) and the groes distribution of this gas is reasonably
well known.

Figure 15 shows the observed H166c emission from a portion of the
northern galactic plane, plotted in velocity-longitude coordinates. The
lines from moderate density gas are detected at every observed position
4° < % X 44°., The power in the line, averaged over 3° intervals, is
plotted against longitude in Figure 16. Although these observations do
not cover longitudes greater than 51°, a survey by Hart and Pedlar
(1976) at Jodrell Bank indicates that there is virtually no H1660 emis-
sion between longitudes 52° and 70°. This, when considered with the
absence of emission at small velocities (corresponding to locations near
the sun) and the low level of emission at high positive velocity for low
longitudes, indicates that most H166a emission originates between
galactocentric radii 4 < R < 8 kpc.

A quantitative description of the radial distribution of H1l66a emis-
sion is shown in Figure 17, where the power in the line per kiloparsec
derived under the assumption of pure circular galactic rotation is plot-
ted against galactocentric radius R. The apparent emission at R > 8 kpc
can be attributed to the broad nature of the features in the profiles
since emission at each velocity has been separately assigned to the cor-
responding radius, and does not necessarily imply significant ionized
gas at these radii. 1In contrast, it is quite likely that thte apparent
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ionized carbon,
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emission at R < 4 kpc is real, although the limited observations of
this region cause large uncertainties in the analysis. A comparison
with the radial distribution of neutral hydrogen (Figure 4) shows no
strong correlation hetween the HI and the H166a distributions, implying
that the source of ionization must be distributed somewhat like the
H1660 emission. Qualitatively the radial distribution of H1l66a re-~
sembles that of CO (Figure 8) much more than that of HI. Although the
exact nature of the regions giving rise to this recombination line
emission is unclear, the ionized gas is so prevalent in the interior
parts of the Galaxy that stars must be forming at a rate much larger
than would be implied from observations made in the solar neighborhood.

Several of the topics discussed briefly in Sections 1~6 are dealt
with in more detail in a chapter in Volume 14 of the Annual Review of
Astronomy and Astrophysics. I am indeb ted to T. M. Bania and F, J.
Lockman for providing the material in Sections 7 and 8, respectively.
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THE NON-THERMAL RADIATION IN THE GALAXY

Baldwin, Cavendish Laboratory, Cambridge, England

ABSTRACT

This paper does not attempt to review all aspects of the
non—thermal continuum radiation in the Galaxy but
concentrates on two topics of paiticular interest for
gamma-ray studies:

1) The distribution of non-thermal emissivity with height
z above the galactic plane. The main result here is that
recent observations of the distribution of brightness at
intermediate latitudes in the Galaxy and of the edge-on
spiral galaxy NGC 891 indicate that the emissivity extends
to heights of several kpc perpendicular to the plane.

2) The relationship between the non-thermal emissivity and
the neutral gas. In several galaxies the angular
distributions of neutral hydrogen and non-thermal emission
are roughly coextensive and show similar features such as
spiral structure. If radio galaxies and normal galaxies
with strong nuclear radio sources are excluded, there
appears to be a proportionality between their total HI
content and their non-thermal radio luminosity.
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1. Introduction. In the last few years there have been notable
advances in observations of the non-thermal radiation from the Galaxy
but almost no corresponding progress in our understanding of the
phenomena in terms of physical processes taking place in the Galaxy.
The observational advances can be summarised as:

i) Improved angular resolution. There are now several surveys
with angular resolutions better than 10 arcmin at frequencies above
1 GHz, notably those initiated by Beard and Kerr (1969) at 2.7 GHz and
continued by others. The highest angular resolution used has been
3 arcmin by Green (1974) at 408 MHz, where the galactic radiation
appears to be fully resolved except for details of individual sources.

ii) Improved sensitivity. Surveys now extend to higher latitudes
than previously at high frequencies. Good examples are the surveys by
Hirabayashi et al. (1969) and Altenhoff et al. (1970).

iii) Observations at very high frequencies. The upper limit of
frequency has now been extended to 15 GHz by Hirabayashi et al. (1972).
This is extremely important for distinguishing the thermal component
of the galactic background radiation.

iv) Surveys with identical angular resolutions have been made
over a range of frequencies by Altenhoff et al. (1970).

v) The spectrum of the non-thermal radiation has been studied
over a wide frequency range at low latitudes by many authors and with
high accuracy at high galactic latitudes at frequencies up to 1.4 GHz
by Sironi (1974) and Webster (1974).

vi) Whole sky surveys have been completed at lower frequencies
(Landecker and Wielebinski, 1970) and are partially complete at
408 MHz (Haslam et al., 1974).

vii) Low frequency observations at 30 MHz by Jones and Finlay
(1574) with an angular resolution of 098 provide important measures

¢ the absorption coefficient due to ionised hydrogen close to the
galactic equator.

viii) Observations of nearby spiral galaxies with high resolution
and good sensitivity have revealed their disks and spiral structure in
the non-thermal continuum (Pooley 1969; Mathewson et al, 1972;
van der Kruit 1973) and have made possible the study of edge~on systems
for measuring of the thickness of their disks and searching for
galactic halos.
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Of these advances, the one which has changed our viewpoint most
is the extension of studies to nearby galaxies. It is still true that
the actual properties of our Galaxy and no other are of the greatest
importance for understanding the cosmic ray and gamma-ray data. But
the freedom we gain by not being tied to model-making from a viewpoint
inside one system is of crucial importance. Particularly so, since we
can examine what relationship exists between the non-thermal emission
and other constituents of galaxies in a way which is impossible with
a sample of only one system.

In spite of these advances, the questions being asked 20 years
ago are still with us. Do the radio observations provide evidence for
a region of containment of cosmic rays in the Galaxy? What are the
sources from which the cosmic ray electrons originate? What processes
determine the shape of the radio spectrum and the corresponding shape
of the electron energy spectrum? Of course there are answers to these
questions, but which are we to believe?

In what follows I shall ignore many problems of importance and
concentrate on two aspects of the non-thermal radiation which seem
particularly important for this meeting. They are:

a) The distribution of emission perpendicular to the galactic
plane

b) The relationship between the non-thermal radiation and the
neutral gas.

First, we must review briefly the main properties of the distribution
of non-thermal emission which are generally accepted.

2. The non-thermal disk. The distribution of brightness temperature,
T(l), in longitude, I, at b = 0° has been well known for many years.
Improvements in angular resolution have revealed the presence of many
HII regions and supernova remnants but have not changed the basic
picture., The symmetry about the galactic centre is sufficiently good
(Fig. la) that it is reasonable to make a circularly symmetric model
of the radiation in the equatorial plane. 1 emphasize here, as in the
past, that model-making is a reputable technique provided that one is
good at guessing the correct model and that the model is a simple one.
The procedure adopted in deriving the variation of the emissivity,
J(R), as a function of radius R from the galactic centre is straight-
forward., It differs slightly from many similar derivations in
astronomy in that the Sun is situated in the disk itself and so

{T(Z) + T(L + 1809)} is the brightness temperature which would be
observed from a point outside the Galaxy along a line of sight passing
a distance R_sinl from the galactic centre. Notice that in this case
we have no knowledge about the distribution of emission outside the
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Fig. 1. (a) The distribution of brightness temperature with
longitude at 408 MHz at b = 0° from Green (1974). The two halves of
the curve have been reflected about I = 0° to show the departures from
symmetry. The dotted line corresponds to the smooth model adopted.

(b) The variation of emissivity at 408 MHz with radius in
the Galaxy derived from Fig. la. The units are 10740 W m™3 Hz"!,
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Sun's radius R, and are subject to appreciable uncertainties even just
inside R . The distribution of emissivity with radius, derived from
the briggtness temperatures in Fig. la, is shown in Fig. 1b. It is
fairly similar to that derived, for instance, by Ilovaisky and Lequeux .
(1972) and by Baldwin and Pooley. The most important features of the
curve are the fairly uniform value of the emissivity within R = 8 kpc
and the rapid fall-off with radius near the Sun. The increase of
emissivity with radius beyond R_ is not shown by this technique but
models of the local spiral arm ?using data at high latitudes as well
as at b = 0°) strongly suggest that there is an increased emissivity
in this arm.

The contours of brightness close to the galactic equator
correspond very closely with those expected for a uniform thin disk of
emission, The width in latitude between half intensity points is only
20, very much smaller than the width in longitude, and the contours
run remarkably parallel to the galactic equator for latitudes up to -
about 5°.

A long-standing problem is 'How much of this disk radiation is
truly non-thermal?'. There is beyond doubt a thermal component from
individual HII regions and also perhaps a smooth distribution of
ionised hydrogen. 1ts magnitude has fluctuated from observer to
observer, The reasons for this are simple. The extraction of a
thermal component from several surveys at different frequencies
depends on having observations with identical beam shapes and
accurately determined zero levels. The zero levels, in particular,
can be a potent source of error since they give rise to systematic
variations of spectral index with latitude which mimic the behaviour
expected from a narrow distribution of thermal emission along the
galactic equator. In the first analysis of this kind, Westerhout :
(1958) found that, at 1420 MHz, about 50 per cent of the radiation i
at b = 0° was thermal. From the surveys by Altenhoff et al. (1970) '
at 1.4, 2.7 and 5.0 GHz, all with a resolution of 11 arcmin, Downes ‘
(Ph.D. thesis) concluded reluctantly that it was not possible to make
the separation into thermal and non-thermal components because of
uncertainties in one of the beam shapes. Jackson and Kerr (1971), who
needed this result, were bolder using the same data and obtained a
thermal component of 50 * 25 per cent of the total brightness at
b = 0° at 5 GHz. This value refers to a smooth distribution of
thermal emission which has a total flux density far greater than that
due to individual sources. The sources listed by Altenhoff et al.
(1970) and by Reifenstein et al., (1970) have a combined flux density
only about 5 per cent of the total flux density of the disk.
Measurements of the galactic radiation at 15 GHz by Hirabayashi et al.
(1974) are an important addition to our knowledge. For a number of
points along the galactic equ